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Developmental  modeling  of  organs  and  tissues  occurs  by  cell  proliferation 
followed  by  selective  removal  of  cells  by  programmed  cell  death,  or  apoptosis.  In 
the  developing  kidney,  apoptosis  begins  at  the  tip  of  the  papilla  and  progresses 
apically  where  it  abruptly  stops,  forming  the  border  between  the  outer  and  inner 
medulla.  A  portion  of  cells  are  removed  from  the  immature  thick  limb;  the 
remaining  cells  differentiate  into  the  mature  thick  ascending  limb  in  the  outer 
medulla  while  the  cells  remaining  in  the  inner  medulla  form  the  thin  ascending 
limb  epithelia.  Intercalated  cells  (IC)  of  the  collecting  duct,  which  are 
characterized  in  part  by  specialized  localization  of  the  vacuolar  H-ATPase  (V- 
ATPase),  are  also  eliminated  from  the  inner  medulla  during  development.  The 
mechanisms  controlling  this  process  are  not  known.  Studies  have  suggested  a 
role  for  angiotensin  II  (Ang)  in  the  developmental  remodeling  of  tissues.  In  the 
first  phase  of  this  dissertation,  the  role  of  Ang  in  apoptosis  was  investigated  using 


developmental  in  vivo  and  in  vitro  models.  The  findings  demonstrate  no  support 
for  the  hypothesis  that  Ang  is  involved  in  the  regulation  of  apoptosis  in  the 
kidney. 

A  second  possible  mechanism  for  control  of  renal  developmental 
apoptosis  is  the  regulation  of  V-ATPase  activity.  The  V-ATPase  localizes  to  and 
functions  in  the  acidification  of  various  intracellular  compartments  and,  in  certain 
cells  including  the  IC,  is  also  expressed  on  the  plasma  membrane.  One 
mechanism  by  which  V-ATPase  activity  is  regulated,  translocation  of  the  pump 
between  the  plasma  membrane  and  adjacent  tubulovesicles,  is  not  well  defined, 
but  may  involve  the  small  GTP-binding  proteins  of  the  Rab  subfamily. 

The  second  phase  of  this  dissertation  was  to  identify  candidate  Rab 
GTPases  for  involvement  in  the  trafficking  of  the  V-ATPase.  The  results  of  the 
second  phase  demonstrate  that  Rabs  11,  18  and  20  colocalized  with  the  V- 
ATPase,  while  Rab  5a  and  Rab  13  did  not.  The  role  of  Rabs  11,18  and  20  in  V- 
ATPase  trafficking,  and  the  role  of  V-ATPase  in  the  control  of  the  developmental 
apoptotic  wave  in  the  kidney  are  exciting  lines  of  future  investigation. 
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CHAPTER  1 
INTRODUCTION 

Kidney  Development 

The  urine-concentrating  ability  of  the  kidney  relies  in  part  on  the  salt  and 
water  gradient  that  exists  from  cortex  to  papilla.  Functioning  of  this  mechanism 
depends  on  the  proper  development  of  the  loop  of  Henle  and  the  collecting  duct 
system;  however,  the  regulatory  controls  of  this  developmental  process  are  not 
well  understood.  During  kidney  development,  the  more  distal  region  of  the  loop  of 
Henle  arises  as  an  immature  thick  epithelium.  This  tissue  is  subsequently 
remodeled  into  the  thin  ascending  limb,  which  makes  an  abrupt  transition  to  the 
mature  thick  ascending  limb  (TAL).  In  contrast  to  the  adult,  in  the  neonatal 
collecting  duct  (CD),  two  types  of  intercalated  cells  (IC)  are  found  in  the  inner 
medulla.  Both  a  and  p  IC  are  removed  from  the  inner  medulla  during  the  first  two 
postnatal  weeks  in  the  rat.  Such  remodeling  necessitates  exquisite  control  of  the 
sequential  events  of  growth  followed  by  selective  removal  of  cells. 

Apoptosis,  a  form  of  programmed  cell  death,  is  an  important 
developmental  mechanism  for  the  sculpting  of  various  organs,  including  the 
kidney  [1,  2,  3,  4].  Previous  studies  have  demonstrated  dramatic  remodeling  in 
the  neonatal  rat  papilla,  specifically  in  the  loop  of  Henle  and  CD  [5,  6],  in  which 
apoptosis  plays  an  essential  role.  In  the  rat  papilla,  Kim  et  al.  [5]  showed  that  a 
wave  of  apoptosis  begins  just  proximal  to  the  tip  of  the  papilla  in  the  immature 
thick  limb  epithelium  and  progresses  to  the  border  of  the  inner  and  outer  medulla 
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where  it  abruptly  stops.  Those  cells  in  this  region  of  the  nephron  that  survive 
apoptotic  removal  then  differentiate  into  the  ascending  thin  limb  cells  of  the  loop 
of  Henle.  The  remaining  thick  epithelium  differentiates  into  the  mature  TAL.  In  the 
CD,  the  IC  are  lost  in  different  ways.  The  a  IC,  which  are  thought  to  be  "acid- 
secreting"  cells,  are  removed  by  sloughing  off  into  the  lumen  and  may 
subsequently  undergo  apoptosis.  In  contrast,  the  p  IC,  or  "base-secreting"  cells, 
are  selectively  removed  in  situ  from  the  inner  medullary  CD  by  apoptosis  [6]. 
Extensive  growth  also  occurs  during  development  of  the  renal  papilla  and  zones 
of  cell  proliferation  have  been  detected  in  the  cortex  and  outer  medulla.  Little 
evidence  of  cell  proliferation,  however,  occurs  in  the  renal  papilla  [7].  The  lack  of 
cell  division  in  the  inner  medulla  is  consistent  with  the  thin  ascending  limb  arising 
from  cells  of  the  immature  thick  epithelium. 

The  control  of  the  balance  between  cell  proliferation  and  cell  death  is 
known  to  be  affected  by  the  presence  or  absence  of  several  growth  factors  such 
as  epidermal  growth  factor,  platelet-derived  growth  factor,  fibroblast  growth  factor 
and  transforming  growth  factor  a  and  p  among  others  [4,  8].  The  process  of 
sculpting  organs  during  development  could  be  regulated  by  gradients  of  these 
growth  factors  or  by  the  presence  or  absence  of  specific  growth  factor  receptors 
on  the  individual  cells.  It  is  also  conceivable  that  a  single  growth  factor  may 
interact  with  two  different  receptors,  which  produce  opposing  actions  in  the  cell, 
the  balance  between  them  determining  the  outcome.  One  such  growth  factor  is 
angiotensin  II.  Additionally,  given  the  different  mechanism  of  removal  of  the  a 
and  B  IC,  and  their  unique  distribution  of  the  vacuolar  H-ATPase  (V-ATPase),  the 


regulation  of  this  enzyme  may  influence  the  apoptotic  process  in  these  cells. 
Postnatal  renal  development  involves  establishment  of  acid-base  regulation, 
including  changes  in  the  expression  levels  of  the  V-ATPase  and  its  activity  [9,  10, 
11].  Changes  in  IC  are  also  known  to  occur  during  this  time,  gradually  resulting  in 
mature  expression  patterns  of  characteristic  proteins  and  other  markers  [12,  13, 
14,  15].  The  coincidence  of  changes  in  the  functional  characteristics  of  IC  with 
the  wave  of  apoptosis  is  intriguing  and  may  implicate  the  V-ATPase  in  this 
process. 

Angiotensin  II 
Angiotensin  II  (Ang)  is  a  fragment  of  a  precursor  protein,  angiotensinogen, 
that  is  produced  primarily  in  the  adult  liver,  but  which  has  been  identified  in 

several   organ   systems   of  the 
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Figure  1.1.  Renin-Angiotensin  System 


neonatal  animal  including  the 
kidney  [16].  Angiotensinogen  is 
cleaved  by  renin,  an  enzyme 
produced  and  released  by  cells 
in  the  juxtaglomerular  apparatus 
of  the  kidney,  releasing  a 
decapeptide,  angiotensin  I. 
Angiotensin  I  is  then  further 
metabolized  by  the  action  of 
angiotensin-converting  enzyme 
(ACE)  to  Ang.  The  components 


of  this  series  of  reactions  make  up  the  renin-angiotensin  system  (RAS)  (Figure 


1.1).  Notably,  all  of  the  components  of  the  RAS  have  been  identified  in  the 
neonatal  rat  kidney  [16]  and  thus  may  act  locally  independently  of  a  systemic 
circulation. 

Two  receptors  for  Ang  have  been  described,  the  type  1  receptor  (ATiR) 
and  the  type  2  receptor  (AT2R),  and  evidence  suggests  that  Ang  signaling  via 
these  receptors  may  result  in  opposing  effects.  Many  studies  have  suggested  a 
proliferative  effect  of  Ang  mediated  via  the  ATiR  in  several  systems  including  the 
kidney  [17,  18].  Proliferation  of  cultured  glomerular  endothelial  cells  has  been 
shown  to  respond  to  Ang  signaling  via  the  ATiR  [19].  Further,  Ang  was  shown  to 
be  mitogenic  for  transformed  TAL  cells  [20].  Recent  studies  have  implicated  the 
AT2R  as  an  anti-growth  or  pro-apoptotic  receptor  for  Ang.  Signaling  via  the  AT2R 
by  Ang  inhibited  cell  proliferation  in  several  cultured  cell  types  [21,  22,  23]. 
Apoptosis  was  demonstrated  in  Ang-treated  PC12W  cells,  which  express 
predominantly  the  AT2R  [24].  In  the  kidney,  ATiR  protein  expression  has  been 
demonstrated  in  several  renal  tubules,  including  the  TAL  and  CD  [25,  26,  27]. 
Localization  of  A^R  mRNA  has  been  identified  predominantly  in  the  cortex  and 
outer  medulla  in  the  neonatal  rat  and  mouse  [26,  27,  28,  29].  Protein  of  AT2R  has 
been  identified  in  the  kidney  in  glomeruli,  proximal  and  distal  renal  tubules  and  in 
vasculature  [30],  while  AT2R  mRNA  has  been  shown  to  be  present  mostly  in  the 
inner  medulla  [31]. 

Evidence  from  the  disruption  of  the  RAS  either  by  ACE  inhibition  or 
knockouts  of  components  of  the  RAS  implicates  this  system  in  the  development 
of  the  kidney.  Angiotensinogen-knockout  animals  have  greatly  foreshortened 


papillae  [32,  33].  Furthermore,  administration  of  the  ACE  inhibitor,  enalapril,  has 
been  shown  to  reduce  the  size  of  the  papilla,  decrease  the  numbers  of 
proliferating  cells  in  the  outer  medulla  [34]  and  cause  abnormalities  in  kidney 
function  [35].  These  studies  suggest  that  regulation  of  the  growth  of  the  papilla 
may  involve  the  RAS.  Given  the  identification  of  a  local  RAS  and  the  presence  of 
both  Ang  receptors  in  the  developing  kidney,  Ang  appears  to  be  a  good 
candidate  for  the  control  of  the  development  of  the  loop  of  Henle  and/or  the  CD. 
An  elucidation  of  such  a  role  in  these  developmental  processes  and  an 
identification  of  the  effects  mediated  by  the  AT^R  and  AT2R  provides  an 
important  understanding  of  the  development  of  the  kidney.  In  the  first  phase  of 
this  dissertation,  the  role  of  Ang  in  apoptosis  was  examined  using  in  vivo  and  in 
vitro  models. 

Vacuolar  H-ATPase 
V-ATPase  in  Apoptosis 

Recent  work  has  implicated  the  V-ATPase  in  cell  proliferation  and 
apoptosis.  In  neonatal  cardiomyocytes,  inhibition  of  V-ATPase  resulted  in 
increased  expression  of  p53  and  induction  of  apoptosis  [36].  Neointimal 
myofibroblasts  derived  from  human  saphenous  vein  segments  demonstrated 
increased  expression  of  one  of  the  subunits  of  the  V-ATPase  prior  to  proliferation 
and  differentiation.  Further,  proliferation  was  reduced  and  apoptosis  induced  by 
V-ATPase  inhibition  [37].  Various  cell  types  also  exhibited  sensitivity  to  inhibition 
of  V-ATPase  including  cleavage  of  retinoblastoma  protein,  DNA  fragmentation, 
and  morphological  changes  consistent  with  apoptosis  [38,  39,  36,  40,  41 ,  42]. 
Treatment  of  isolated   neutrophils  with  granulocyte  colony-stimulating  factor 
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maintains  expression  and  translocation  of  the  V-ATPase  to  the  membrane  and 
prevents  apoptosis  in  these  cells  [43,  44]. 
Structure  and  Function 

The  V-ATPase  is  a  multisubunit  enzyme  involved  in  the  acidification  of 
intracellular  compartments  of  cells.  In  certain  specialized  cells,  V-ATPases  are 
also  located  in  the  plasma  membrane  and  in  plasma  membrane-associated 
compartments.  The  V-ATPase  is  composed  of  two  separable  complexes,  v^  and 
V0.  The  V!  complex  is  composed  of  subunits  A-H  that  form  the  cytosolic  head 
and  stalk  structure,  which  contains  the  ATP  binding  site  and  is  the  catalytic  unit 
of  the  enzyme  [45,  46,  47,  48].  A  total  of  six  alternating  A  and  B  subunits  interact 
with  each  other  in  the  head  region.  Two  isoforms  of  the  B  subunit  have  been 
described,  each  exhibiting  differing  cellular  distribution  [49,  50,  51].  The  B2 
isoform  appears  to  be  more  ubiquitous,  while  the  B1  subunit  has  a  more  limited 
expression  pattern.  The  E  and  H  subunits  are  thought  to  be  associated  with  the 
stalk  region  of  the  holoenzyme,  while  the  D  subunit  may  be  positioned  at  the 
center  of  the  A  and  B  subunit  hexagon  [52,  45,  48].  The  other  Vi  subunits  have 
been  less  well  studied.  The  V0  complex  is  composed  of  several  integral 
membrane  proteins  that  form  the  transmembrane  region  of  the  V-ATPase  and 
contains  the  channel  through  which  the  protons  are  released. 
Regulation 

Regulation  of  V-ATPase  can  be  through  several  mechanisms. 
Maintenance  of  synthesis  of  V-ATPase  subunits  is  necessary  to  preserve  the 
intact  enzyme  and  maintain  the  interaction  between  the  Vi  and  V0  complexes. 
Neutrophils  grown  in  the  absence  of  granulocyte  colony-stimulating  factor  lose 


expression  of  the  57kD  B-subunit  of  the  V-ATPase  [43].  Endogenous  inhibitor 
and  activator  of  V-ATPase  have  been  described.  An  activator  of  V-ATPase  was 
identified  from  bovine  kidney  cytosol  and  preferentially  activated  plasma 
membrane  V-ATPase  in  contrast  to  intracellular  V-ATPases  [53].  A  low  molecular 
weight  cytosolic  inhibitor  of  V-ATPase  was  also  purified  from  bovine  kidney 
cytosol  [54].  An  additional  mechanism  of  regulation  of  V-ATPase  activity  in 
certain  specialized  cells  is  recruitment  and  polarization  to  specific  membrane 
domains  in  response  to  physiological  stimuli.  In  quiescent  osteoclasts,  V- 
ATPases  are  located  primarily  in  cytosolic  vacuoles.  Upon  activation  of 
osteoclasts,  V-ATPases  are  recruited  to  the  plasma  membrane  to  form  the  ruffled 
membrane  that  establishes  a  sealed  extracellular  compartment  on  bone  [55]. 
Acidification  of  this  compartment  by  V-ATPases  is  necessary  for  dissolution  of 
bone  hydroxyapatite,  and  for  the  activation  of  acid  proteases  involved  in  the 
degradation  of  bone  matrix.  In  neutrophils,  the  V-ATPase  is  activated  and 
becomes  associated  with  the  plasma  membrane  upon  stimulation  by  phorbol 
myristate  acetate  [56]. 

Cell-specific,  physiologically  regulated  polarization  of  V-ATPases  also 
occurs  in  the  kidney.  In  proximal  tubule  cells,  V-ATPases  are  present  at  high 
densities  in  the  brush  border  membrane  and  subapical  vesicles  [57].  Some 
experimental  evidence  suggests  that  metabolic  acidosis  promotes  recruitment  of 
V-ATPases  from  vesicles  to  the  brush  border  [57].  In  the  CD,  polarized,  plasma 
membrane  V-ATPases  are  found  in  each  of  the  types  of  IC.  The  a  IC  maintains 
high  levels  of  V-ATPase  in  the  apical  membrane  and  apical  vesiculotubular 
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elements.  The  p  IC  contains  V-ATPases  in  the  basolateral  membrane  and 
basolateral  vesicles.  The  localization  of  the  V-ATPase  in  the  mammalian  kidney 
has  been  shown  to  be  modulated  by  metabolic  acidosis  or  alkalosis  [57,  58]. 
Acidosis  in  the  rat  and  rabbit  was  shown  to  alter  the  localization  of  the  V-ATPase 
from  apically  located  intracellular  compartments  to  the  apical  plasma  membrane 
of  the  a  IC  by  immunofluorescence  and  immunoelectron  microscopy  [57,  58], 
although  protein  and  mRNA  expression  did  not  appear  to  be  changed  [57]. 
These  results  suggest  that  the  polarized  vesicles  containing  V-ATPase  were 
induced  to  relocate  to  and  fuse  with  the  plasma  membrane  in  acid-loaded 
animals. 

Rab  GTPases 
Although  the  specific  signaling  mechanisms  involved  in  the  relocalization 
of  V-ATPases  are  not  known,  the  Rab  subclass  of  the  small  GTP-binding 
proteins  have  important  roles  in  the  recycling  of  many  membrane  proteins.  The 
Rab  subclass  belongs  to  the  larger  Ras  family  of  small  GTPases,  which  also 
includes  the  Rac,  Rho,  Art  and  Sar  proteins  [59,  60].  Although  the  specific 
function  of  Rab  GTPases  is  not  known,  they  are  thought  to  function  in  vesicle 
trafficking  and,  in  general,  cycle  between  a  GTP-bound,  or  active  state,  and 
GDP-bound,  or  inactive  state  (Figure  1.2).  In  the  inactive  state,  the  GDP-bound 
form  of  Rab  GTPases  are  bound  either  by  escort  proteins  in  the  biosynthesis 
pathway  or  by  GDP  dissociation  inhibitors  (GDI),  which  maintain  the  Rab 
GTPases  in  the  cytosol,  preventing  their  activation.  The  GDI  along  with  the  Rab 
GTPase  are  necessary  to  identify  the  proper  target  membrane  to  which  the  Rab 
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GTPase  binds  via  its  prenylated  C-terminus  (Figure  1.2,  sequence  A).  A  guanine 
nucleotide  exchange  protein  (GEP)  replaces  the  GDP  with  GTP  thereby 
activating  the  Rab  GTPase  (Figure  1.2,  sequence  B).  Active  Rab  GTPase 
recruits  effector  (E)  molecules  (Figure  1.2,  sequence  C),  which  then  interact  with 
the  acceptor  membrane  (Figure  1.2,  sequence  D).  Additional  contacts  are  made 
between  the  donor  vesicle  and  acceptor  membrane  through  the  interactions  of 
vesicle  (v)-SNAREs  (soluble  W-ethylmaleimide-sensitive  fusion  protein 
attachment  protein  receptor)  and  target  (t)-SNAREs  (Figure  1.2,  sequence  E), 
the  former  present  on  the  donor  membrane  and  the  latter  on  the  acceptor 
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Figure  1.2.  Rab  GTPase  cycle.  The  sequences  of  reactions  involved  in  the 
translocation  and  fusion  of  vesicles  from  the  donor  membrane  to  the  acceptor 
membrane  are  described  in  the  text. 


10 

membrane  [61].  Multiple  t-SNAREs,  including  the  SNAP-25  (synaptosome- 
associated  protein  25)  family  of  proteins,  such  as  SNAP-23  in  epithelia,  have 
been  shown  to  interact  together  with  a  v-SNARE,  including  those  of  the  VAMP 
(vesicle-associated  membrane  protein)  family.  The  v-SNARE/t-SNARE 
interactions  are  regulated  by  the  Sed  family  of  proteins  originally  described  in 
yeast  [62].  Although  the  specific  role  of  Sed  proteins  is  not  completely  clear,  it 
has  been  shown  that  binding  of  the  Sed  protein  to  a  t-SNARE  of  the  syntaxin 
family  prevents  the  interaction  of  syntaxin  to  its  cognate  v-SNARE  [63,  64,  65].  In 
yeast,  Sec  protein  may  have  additional  or  alternative  roles  which  may  be 
regulated  by  Rab  GTPases  [66]. 

The  concerted  interactions  between  the  donor  vesicle  and  the  acceptor 
membrane  by  Rab  GTPase  effector  complexes  and  by  SNARE  complexes  lead 
to  docking  (Figure  1.2,  sequence  F).  The  SNARE  complex  is  bound  and 
disassembled  by  NSF  (W-ethylmaleimide-sensitive  factor)  and  a-SNAP  (a- 
soluble  NSF  attachment  protein),  which  may  also  serve  in  the  docking  step 
(Figure  2.1,  sequence  G).  The  GTP-bound  Rab  GTPase  undergoes  hydrolysis  to 
a  GDP-bound  form,  facilitated  by  the  action  of  a  GTPase  activating  protein  (GAP) 
and  the  donor  vesicle  and  acceptor  membranes  fuse  (Figure  1.2,  sequence  H). 
Rab  GTPase  effector  molecules  dissociate  from  the  GDP-bound  Rab  GTPase, 
which  is  then  removed  from  the  donor  membrane  and  retrieved  by  GDI  (Figure 
1.2,  sequence  I).  It  is  not  clear  how  the  v-SNARE  is  recycled,  however  t-SNAREs 
of  the  syntaxin  family  are  thought  to  be  masked  again  by  the  actions  of  the  Sed 
family  of  proteins  (Figure  1 .2,  sequence  J),  preventing  promiscuous  interactions. 
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identified  and  several  have 
been  shown  to  be 
associated  with  specific 
compartments  of  the  cellular 
secretory  and  endocytic 
pathways.  Certain  Rab 
GTPases  are  intriguing  with 
regard  to  the  relocalization  of  the  V-ATPase  particularly  those  Rab  GTPases  that 
are  critical  in  the  endocytic  or  vesicle  recycling  pathways  (Figure  1.3). 
Additionally,  Rab  GTPases  that  are  expressed  in  kidney  but  have  as  yet 
undefined  roles  may  also  be  important  in  the  regulated  trafficking  of  the  V- 
ATPase.  An  understanding  of  Rab  GTPase  involvement  in  the  localization  of  the 
V-ATPase  provides  a  framework  on  which  to  examine  the  role  of  V-ATPase  in 
apoptosis. 
Rab  5a 

The  most  well  characterized  Rab  GTPase  in  the  endocytic  pathway  is  Rab 
5.  Three  isoforms  have  been  characterized  in  mammalian  cells,  all  of  which  have 
been  localized  to  early  endocytic  compartments  [67]  (Figure  1.3)  and  are 
important  in  homotypic  fusion  of  early  endosomes  (EE)  [67,  68,  69].  Little  is 
known  of  the  specific  role  of  the  b  and  c  isoforms  of  Rab  5,  whether  they  have 
differing  or  redundant  roles  to  that  of  the  a  isoform,  although  different 
phosphorylation  characteristics  of  the  three  isoforms  have  been  described  [70]. 
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Expression  of  dominant  negative  Rab  5a  constructs  was  shown  to  inhibit  the 
fusion  of  EE  and  leads  to  the  disruption  of  the  early  endosomal  compartment 
[67].  Previously,  Rab5a  was  identified  in  neuronal  cells  [71],  in  gastric  chief  cell 
membranes  [72]  and  in  zymogen  granules  of  pancreatic  acini  [73].  The 
importance  of  Rab  5a  in  the  endocytic  pathway  indicates  a  potential  for 
involvement  in  the  recycling  of  the  V-ATPase  from  the  plasma  membrane. 
Rab  11 

Rab  1 1  has  been  localized  to  the  perinuclear  recycling  endosome  (RE)  of 
cultured  epithelial  cells  [74]  and  was  shown  to  associate  with  the  glucose 
transporter,  GLUT4,  which  is  contained  in  a  vesicular  compartment  in 
unstimulated  cells.  [75].  Rab  11  is  thought  to  be  involved  in  the  regulated 
recycling  of  proteins  to  the  plasma  membrane  from  RE  as  well  as  from  the  trans 
Golgi  network  (TGN)  (Figure  1.3)  [76,  77].  Rab  11a  was  originally  cloned  from  rat 
brain  and  subsequently  from  MDCK  cells  and  rabbit  parietal  cells  [78,  79,  80].  A 
second  isoform,  Rab  11b,  has  been  cloned  which  has  significant  homology  to 
Rab  11a,  although  Rab  11b  is  coded  for  by  a  different  gene  than  Rab  11a  [81]. 
Localization  studies  do  not  differentiate  between  the  two  isoforms  and  the 
specific  role  of  Rab  11b  versus  Rab  11a  is  unknown.  In  rabbit  gastric  parietal 
cells,  Rab  11  colocalized  with  the  H,  K-ATPase  and  showed  a  change  in 
distribution  similar  to  that  of  H,  K-ATPase  in  response  to  histamine  [82,  83].  In 
activated  osteoclasts,  Rab  11  has  been  found  associated  with  the  ruffled 
membrane  [84].  Additionally,  Rab  1 1  was  identified  in  esophageal  epithelia  [85], 
in  uterine  glandular  epithelia  [86],  in  pancreatic  acini  [73]  and  in  rabbit  stomach, 
colon,  liver  and  kidney  [87].  In  uterus,  Rab  1 1  mRNA  was  increased  in  response 
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to  estrogen  [86].  Dysplastic  epithelia  of  the  esophagus  has  been  shown  to 
contain  elevated  levels  of  Rab  1 1  [85].  The  localization  of  Rab  1 1  with  proteins 
and  membrane  regions  that  are  recycled  under  physiological  changes  makes  this 
Rab  GTPase  an  interesting  candidate  to  examine  for  a  role  in  V-ATPase 
trafficking. 
Rab  13 

Most  of  the  Rab  GTPases,  including  Rab  13,  have  been  less  well  studied 
and  their  roles  in  intracellular  trafficking  of  vesicles  have  not  been  determined. 
Rab  13  was  originally  cloned  from  a  Caco-2  cell  line  and  identified  in  other  cell 
lines  as  well  as  in  various  mouse  tissues.  Rab  13  was  found  to  be  associated 
with  vesicles  of  fibroblasts  and  identified  in  apical  membranes  of  epithelia  [88], 
where  it  colocalized  with  a  tight  junction  (TJ)  protein,  zonula  occludens  1  (ZO-1) 
(Figure  1.3).  These  data  suggest  a  role  for  this  Rab  GTPase  in  the  targeting  of 
membrane  protein  to  the  apical  or  basolateral  membrane,  or  in  the  regulation  of 
the  tight  junction  [88].  Immunostaining  has  been  demonstrated  at  junctional 
complexes  in  mouse  small  intestine,  kidney,  liver,  heart  and  endothelium  [88]. 
Rab  18 

Rab  18  was  cloned  from  mouse  kidney  and  localized  to  both  proximal  and 
distal  nephron  segments  [89].  Rab  18  immunohistochemical  staining  appeared 
more  prominent  at  or  in  the  apical  membranes  of  proximal  tubule  cells  (Figure 
1.3).  In  contrast,  in  mouse  intestine,  Rab  18  was  found  in  both  apical  and 
basolateral  membranes.  Rab  18  also  has  been  identified  in  human  endothelial 
cells  [90]  and,  using  PCR-based  methodology,  in  human  skeletal  muscle  [91], 
heart,   brain,   kidney,   placenta,   pancreas,   lung  and   liver  [90].   By  Northern 
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analysis,  Rab  18  mRNA  was  demonstrated  in  mouse  kidney,  liver,  intestine, 
brain,  lung,  spleen  and  heart  [90].  A  role  for  Rab  18  has  not  been  determined. 

Rab  20 

Like  Rab  18,  little  is  known  of  Rab  20.  Originally  cloned  from  mouse 
kidney,  Rab  20  was  detected  diffusely  in  tubules  of  the  mouse  kidney  cortex  and 
medulla  [89].  In  the  proximal  tubule,  Rab  20  was  localized  in  apical  or  subapical 
membranes  (Figure  1.3).  Similarly,  in  mouse  intestine,  Rab  20  was  found 
predominantly  in  the  apical  pole.  Northern  analysis  has  shown  Rab  20  mRNA  to 
be  present  in  mouse  kidney,  liver,  intestine,  lung,  spleen  and  heart,  but 
undetectable  in  brain  [89].  Rab  20  functions  have  not  been  described. 

Although  these  studies  demonstrate  cell  type  and/or  intracellular 
compartment-specific  localization,  the  role  of  Rab  GTPases  in  the  movement  of 
the  V-ATPase  is  unknown.  In  the  second  phase  of  this  dissertation, 
immunochemical  and  biochemical  methods  were  employed  to  ascertain  the 
expression  and  localization  patterns  of  a  subset  of  Rab  GTPases  in  renal  cell 
lines  and  in  mouse  kidney,  and  to  compare  their  distribution  with  that  of  the  V- 
ATPase.  The  results  of  the  examination  of  Rab  GTPases  identify  these  small 
GTP-binding  proteins  as  potential  mediators  of  the  recycling  of  the  V-ATPase. 


CHAPTER  2 
MATERIALS  AND  METHODS 

Angiotensin  II  Effects  on  Apoptosis 

Animals 

All  animal  treatments  were  approved  by  and  performed  in  accordance  with 
guidelines  of  the  Institutional  Animal  Care  and  Use  Committee  at  the  University 
of  Florida. 
Developmental 

After  treatments,  litters  from  pregnant  rats  (Harlan)  were  anesthetized  with 
pentobarbital  and  perfused  through  the  left  ventricle  with  phosphate-buffered 
saline  (10mM  sodium  phosphate,  150mM  NaCI,  pH  7.4;  PBS)  followed  by  fixative 
(2%  paraformaldehyde  in  phosphate  buffer  containing  lysine  HCI  and  sodium 
periodate;  PLP).  Kidneys  were  removed,  post-fixed  overnight  in  the  same 
fixative,  washed,  dehydrated  and  embedded  in  wax. 
Adult 

To  verify  the  technique  of  TUNEL,  homozygous  mice  carrying  a  targeted 
deletion  of  the  heme  oxygenase  1  (HO-1)  gene,  and  their  heterozygous  and  wild- 
type  litter  mates,  were  administered  cisplatin  (20  mg/kg  at  1  mg/ml  solution  in 
sterile  saline)  via  a  single  intraperitoneal  (IP)  injection.  Three  days  after  injection, 
animals  were  anesthetized  and  the  tissues  were  processed  as  described  above 
[92]. 
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Animal  Treatments 
ACE  inhibitor 

Neonatal  rat  pups  from  4  litters  were  administered  enalapril  (10  mg/kg 
bw/day),  an  ACE  inhibitor,  or  the  vehicle,  saline,  by  intraperitoneal  (IP)  injection 
beginning  on  P1,  the  first  day  following  the  day  of  birth.  Injections  were  continued 
until  the  day  of  sacrifice.  On  days  P3  (n=2  treated,  n=1  control),  P6  (n=7  treated, 
8  control)  and  P13  (n=6  treated,  5  controls),  rat  pups  were  processed  for  TUNEL 
and  bromodeoxyuridine  (BrdU)  labeling. 
Receptor  blockade 

Initially,  postnatal  day  6  (P6)  neonatal  rats  from  2  litters  were  either 
administered  Losartan  (10  mg/kg/day;  n=4),  an  AT^R  blocker,  or  PD123319  (10 
mg/kg/day;  n=4),  an  AT2R  blocker,  or  the  vehicle  (saline;  n=4)  by  IP  injection  for 
a  period  beginning  on  P1  and  ending  on  P6.  Subsequently,  neonatal  animals 
from  another  2  litters  were  administered  either  Losartan  (20,  30,  or  40  mg/kg/day; 
2-3  animals/group)  or  PD123319  (20  or  40  mg/kg/day;  2-3  animals/group)  or 
saline  (n=3)  for  a  period  beginning  on  P1  and  ending  on  P6.  Rats  were 
processed  for  TUNEL  and  BrdU  labeling. 
Antibodies  and  Reagents 

Antibody  to  Na,  K-ATPase  oti-subunit  was  obtained  from  Upstate 
Biotechnologies  Inc  (Lake  Placid,  NY).  Antibody  to  bromodeoxyuridine  (BrdU) 
was  purchased  from  Boehringer  Mannheim  (Basel,  Switzerland).  Antibody  to  the 
type  1  receptor  for  angiotensin  (ATiR)  was  purchased  from  Santa  Cruz 
Biotechnology  Inc  (Santa  Cruz,  CA).  The  type  2  angiotensin  receptor  (AT2R) 
antibody  was  generously  provided  by  Dr.  Steven  J.  Fluharty  (Philadelphia,  PA). 
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Secondary  antibody,  rat-adsorbed,  biotinylated  horse  anti-mouse  IgG  was 
obtained  from  Vector  Laboratories  (Burlingame,  CA),  as  were  Methyl  green,  the 
peroxidase  substrates,  diaminobenzidine  (DAB)  and  Vector  SG,  and  the  avidin- 
biotin  complex,  ABC  Reagent.  Peroxidase-labeled  goat  anti-rabbit  antibody  and 
o-phenylenediamine  (OPD)  were  purchased  from  Zymed  (South  San  Francisco, 
CA).  Terminal  deoxy nucleotidyl  transferase  (TdT)  and  biotinylated  dUTP  were 
purchased  from  Boehringer  Mannheim  (Basel,  Switzerland).  The  annexin  V 
(AnnV)/propidium  iodide  (PI)  kit  was  from  R&D  Systems  (Minneapolis,  MN).  Cell 
culture  media  and  reagents  were  obtained  from  GIBCO  BRL  Life  Technologies 
(Carlsbad,  CA).  For  protein  quantification,  the  BCA  kit  was  purchased  from 
Pierce  (Rockford,  IL).  All  other  reagents  were  obtained  from  Fisher  (Pittsburgh, 
PA)  or  Sigma  (St.  Louis,  MO). 
Cell  Culture 

Mouse  outer  medullary  collecting  duct  (OMCD)  cells  (passages  9  to  12) 
and  medullary  thick  ascending  limb  (mTAL)  cells  (passages  5  to  8)  were 
obtained  from  Dr.  Kirsten  Madsen  (University  of  Florida).  Cells  were  plated  on 
collagen-coated  coverslips  or  chamber  slides.  Complete  media  of  DMEM/F12 
containing  10%  NU-serum  (Becton  Dickenson,  Bedford,  MA),  insulin-transferrin- 
selenium,  20  ng/ml  hydrocortisone,  and  antibiotics  was  used  for  OMCD  cells. 
Complete  media,  as  above,  additionally  containing  T3  was  used  for  mTAL  cells. 
Media  were  replaced  every  2-3  days  until  cells  were  80-90%  confluent.  Serum 
starvation  (serum-free)  media  consisted  solely  of  DMEM/F12. 
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Cell  Treatments 
Serum  starvation 

Cultured  cells  (mTAL)  were  grown  in  complete  media  until  confluency 
whereupon  the  complete  media  was  replaced  with  serum-free  media  for  16  to  48 
hours.  Cells  were  subsequently  washed  with  cold  PBS,  pH  7.4,  fixed  in  10% 
formalin  in  PBS  and  processed  for  TUNEL.  No  changes  in  TUNEL  were  seen  in 
serum-starved  cells  relative  to  cells  cultured  in  complete  media  (data  not  shown). 
Angiotensin  II  administration 

Cells  (mTAL  and  OMCD)  were  grown  in  complete  media  on  gelatin-coated 
chamber  slides  until  confluent  and  serum  starved  for  24  hours  before  introduction 
of  varying  concentrations  of  Ang  (10'7  to  10'11  M)  into  the  media.  After  16  to  24 
hours  of  exposure  to  Ang,  cells  were  washed  in  cold  PBS,  pH  7.4,  fixed  in  10% 
formalin  in  PBS  for  10  minutes,  and  processed  for  TUNEL.  For  BrdU  labeling, 
cells  were  exposed  to  Ang  for  16  to  24  hours  before  introducing  BrdU  to  the 
cultures  for  2-3  hours.  Cells  were  washed,  fixed  in  cold  acetone  and  processed 
for  BrdU  immunocytochemistry. 
Angiotensin  II  receptor  blockade 

For  TUNEL,  mTAL  and  OMCD  cells  were  grown  in  complete  media  to  80- 
90%  confluence  before  serum  starvation.  Treatment  of  the  cells  with  either 
Losartan  (10"6  M)  or  PD123319  (10"6  M)  preceded  by  12  hours  the  introduction  of 
varying  concentrations  of  Ang  (107  to  10~11  M)  to  the  media  for  24  hours.  Cells 
were  subsequently  washed  in  cold  PBS,  pH  7.4  before  fixation  in  10%  formalin  in 
PBS.  Cells  were  then  processed  for  TUNEL  or  Ann  V/PI  labeling.  To  identify 
changes  in  proliferation,  mTAL  and  OMCD  cells  were  grown  to  confluency  before 
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serum  starvation  and  treatment  as  described  above.  Prior  to  fixation  in  cold 
acetone  for  3-5  minutes,  BrdU  was  added  to  the  cultures  for  2-3  hours.  Cells 
were  dried  at  room  temperature  and  rehydrated  in  PBS,  pH  7.4  for  15-20  minutes 
before  being  processed  for  BrdU  immunocytochemistry. 
Detection  of  Apoptotic  Nuclei  by  TUNEL 
Tissue  sections 

Wax  sections  of  5-6  ^m  were  placed  on  gelatin-coated  slides  and 
subsequently  wax  was  removed  by  immersion  of  the  sections  in  decreasing 
concentrations  of  ethanol  followed  by  dH20.  A  protocol  modified  from  Gavrielli  et 
al.  [93]  was  used  for  TUNEL.  Endogenous  peroxidases  were  inactivated  by 
incubation  in  3%  H2O2  and  the  DNA  was  denatured  by  incubation  for  60  minutes 
in  60°C  dH20.  After  preincubation  in  Reaction  buffer  (30  mM  Trizma-base,  pH 
7.2  with  140  mM  sodium  cacodylate  and  1  mM  cobalt  chloride),  sections  were 
incubated  for  45  minutes  at  37°C  with  Reaction  buffer  containing  TdT  (0.3 
U/100|j.l)  and  biotinylated-dUTP  (1  nmol/100  ^l).  Subsequently,  sections  were 
rinsed  four  times  in  Terminating  buffer  (300  mM  NaCI,  30  mM  sodium  citrate). 
Sections  were  incubated  with  2%  BSA  in  phosphate  buffered  saline  (PBS),  pH 
7.2  for  1  hour  to  block  nonspecific  binding  and  incubated  with  ABC  Reagent  for 
30  minutes.  After  washing  four  times  in  PBS,  labeling  of  DNA  with  biotinylated 
dUTP  was  developed  using  the  peroxidase  substrate,  DAB.  Tissues  were  either 
counterstained  with  Methyl  Green  or  processed  for  immunolabeling  of  Na,  K- 
ATPase  <xi  subunit.  For  immunolabeling,  sections  were  immersed  in  0.1  M  citrate 
buffer  (0.1  M  citric  acid,  0.1  M  sodium  citrate,  pH  6.0)  in  a  Coplan  jar,  placed  in  a 
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humidified  microwave,  and  heated  on  medium  for  7.5  minutes  to  improve  antigen 
retrieval.  Cooled  sections  were  placed  in  PBS  before  inactivation  of  peroxidases 
using  3%  H2O2.  Nonspecific  binding  was  reduced  by  incubating  sections  with  2% 
BSA  in  PBS  before  incubating  with  antibody  to  the  Na,  K-ATPase  arsubunit 
overnight  at  4°C  in  a  humidified  chamber.  Secondary  antibody,  rat  adsorbed, 
horse  anti-mouse  was  placed  on  the  sections  for  2  hours  followed  by 
immunodetection  of  Na,  K-ATPase  arsubunit  using  the  chromagen,  Vector  SG. 
Sections  were  dehydrated  and  mounted  in  Permount.  Sections  were  viewed  at  a 
magnification  of  40X  and  random  areas  of  at  least  3-4  sections/animal  were 
examined.  The  total  number  of  apoptotic  nuclei  per  square  millimeter  was 
calculated  for  each  animal.  Values  were  analyzed  by  unpaired  t-test  and  ANOVA. 
For  cisplatin-treated  animals,  the  number  of  nuclei  labeled  in  renal  tubules  in  an 
average  of  266  ±  55  fields  were  scored. 

Cultured  cells 

Cells  (OMCD  or  mTAL)  were  grown  on  coverslips  or  chamber  slides.  After 
treatments,  cells  were  washed  in  sterile  PBS  and  fixed  in  10%  buffered  formalin. 
After  washing  in  dH20,  cells  were  incubated  with  Reaction  buffer  for  60  minutes 
at  37°C.  Subsequently,  cells  were  rinsed  in  Terminating  buffer  and  processed  as 
above  for  DAB.  Cells  were  placed  in  PBS  before  inactivation  of  peroxidases 
using  H202  and  nonspecific  binding  to  the  sections  was  reduced  by  immersion  in 
2%  BSA  in  PBS  before  incubating  with  antibody  to  the  Na,  K-ATPase  ai-subunit 
overnight  at  4°C  in  a  humidified  chamber.  Secondary  antibody,  rat  adsorbed, 
horse   anti-mouse   was    incubated    on   the   cells   for   2    hours   followed    by 
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immunodetection  of  Na,  K-ATPase  oci-subunit  using  the  chromagen,  Vector  SG. 
Cells  were  dehydrated  and  mounted  in  Permount. 

Detection  of  Apoptotic  Nuclei  in  Cultured  Cells  by  Labeling  of  Annexin  V 
and  Propidium  Iodide 

Cells  were  grown  on  coverslips  or  chamber  slides.  After  treatments,  cells 
were  washed  in  sterile  PBS  and  incubated  in  1X  buffer  containing  AnnV  (5  ng/ml) 
and  PI  (l^g/ml)  for  20  minutes  at  4°C.  After  washing  in  1X  buffer,  cells  were 
mounted  with  Crystal  mount  and  viewed  on  a  Zeiss  fluorescence  microscope. 
Alternatively,  trypsinized  and  washed  cells  were  incubated  in  suspension  with 
AnnV/PI  using  the  manufacturer's  protocol. 
Detection  of  Proliferating  Cells  by  Immunolabeling  of  BrdU 
Tissue  sections 

Wax  sections  of  5-6  ^m  were  placed  on  gelatin-coated  slides  and  the  wax 
was  removed  by  immersion  in  decreasing  concentrations  of  ethanol  followed  by 
incubation  in  dH20.  Sections  were  placed  in  0.1  M  citrate  buffer  in  a  Coplan  jar 
and  heated  in  a  humidified  microwave  on  Medium  for  10  minutes  to  improve 
antigen  retrieval.  Cooled  sections  were  placed  in  PBS  before  endogenous 
peroxidases  were  inactivated  by  incubation  of  the  sections  in  3%  H202. 
Nonspecific  binding  was  reduced  by  incubation  with  2%  BSA  in  PBS,  pH  7.2 
(BSA-PBS)  for  1  hour.  Primary  antibody,  anti-BrdU  (1/50  dilution),  was  diluted  in 
BSA-PBS  and  incubated  on  the  sections  overnight  at  4°C.  Following  washing  in 
PBS,  sections  were  incubated  in  secondary  antibody,  rat  adsorbed,  biotinylated 
horse  anti-mouse  IgG  (1/100  dilution  in  Blocking  solution).  Labeling  of  the 
antibody  was  detected  using  the  ABC  Reagent  followed  by  DAB.  After  washing  in 
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dH20,  sections  were  fixed  in  10%  buffered  formalin  and  washed.  Antigen 
retrieval  was  improved  as  described  above  using  heating  in  a  microwave  for  7.5 
to  10  minutes.  Removal  of  peroxidases  was  followed  by  blocking  nonspecific 
binding  with  2%  BSA  in  PBS.  Sections  were  incubated  with  antibody  to  the  Na, 
K-ATPase  cci-subunit  overnight.  Subsequent  to  washes  in  PBS,  sections  were 
incubated  with  biotinylated  secondary  antibody,  rat-adsorbed,  horse  anti-mouse, 
for  30-60  minutes.  Immunolabeling  was  visualized  using  the  chromagen,  Vector 
SG  and  sections  were  dehydrated  and  mounted  in  Permount. 
Cultured  cells 

Cells  (mTAL  or  OMCD)  were  grown  to  subconfluent  levels  on  coverslips  or 
chamber  slides.  After  treatments  and  incubation  with  BrdU,  cells  were  washed 
three  times  with  sterile  PBS,  pH  7.4  and  fixed  in  cold  acetone  for  3  to  5  minutes. 
After  removal  from  acetone,  the  coverslips  or  slides  were  dried  at  room 
temperature.  Incorporation  of  BrdU  into  proliferating  cells  was  detected  using 
immunolabeling  with  an  antibody  to  BrdU  as  described  for  tissue  sections. 
Borders  of  cells  were  outlined  by  double-immunolabeling  with  antibody  to  the  Na, 
K-ATPase  otrsubunit  or  to  the  AT^R.  Counterstaining  with  hematoxylin  allowed 
for  visualization  of  nuclei  that  did  not  incorporate  BrdU. 
ELISA 

Nephron  segments  were  microdissected  by  Dr.  Jill  Verlander  from  adult 
mice  (C57J/6B),  and  processed  for  enzyme-linked  immunosorbant  assay 
(ELISA)  in  homogenization  buffer  (Tris-buffered  saline  containing  250  mM 
sucrose)  by  Ms.  Wendy  Wilbur.  Protein  content  was  quantified  by  use  of  the  BCA 
kit  and  aliquots  of  the  cell  or  tubule  homogenates  were  then  placed  in  microtiter 
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plate  wells  at  protein  concentrations  of  7,  3.5,  1.75,  and  0.875  mg/ml. 
Nonspecific  binding  was  reduced  by  incubation  of  wells  with  2%  bovine  serum 
albumin  in  PBS,  pH  7.4  (BSA-PBS)  for  1-2  hours  before  incubating  with 
polyclonal  antibody  to  the  AT2R  (dilution  in  BSA-PBS)  overnight  at  4°C.  Binding 
of  secondary  antibody,  peroxidase-labeled  goat  anti-rabbit  IgG,  was  visualized  by 
incubation  with  the  peroxidase  substrate,  OPD.  The  reaction  was  stopped  with 
addition  of  H2S04  and  the  absorbance  was  read  at  490nm  on  a  microtiter  plate 
reader  (BioTec)  and  values  were  plotted.  Readings  from  wells  without  protein 
gave  low  background. 

Rab  GTPases  in  Mouse  Kidney 
Animals 

Adult  male,  Swiss  Webster  mice  (20-30  g;  Harlan)  were  anesthetized  with 
an  IP  dose  of  pentobarbital  (60  mg/kg)  and  buffered  solution  was  perfused 
through  the  left  ventricle  with  or  without  added  fixatives  for  all  the  procedures.  All 
animal  treatments  were  approved  by  and  performed  in  accordance  with 
guidelines  of  the  Institutional  Animal  Care  and  Use  Committee  at  the  University 
of  Florida. 
Tissue  Preparation  for  Immunolabeling 

For  immunolabeling  in  tissue  sections,  animals  were  perfused  with 
phosphate-buffered  saline  (100  mM  Na2HP04,  150  mM  NaCI,  pH  7.4;  PBS) 
followed  by  fixative.  Formaldehyde  at  3.7%  in  PBS  was  used  for  Rab  5a,  10% 
formaldehyde  in  PBS  was  used  for  Rab  1 1 ,  and  PLP  fixative  was  used  for  Rab 
13,  Rab  18  and  Rab  20.  Two  to  four  animals  were  examined  for  each  Rab 
GTPase.  Tissues  were  removed  and  post-fixed  overnight  in  the  same  fixative 
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before  embedding  in  freezing  media  (Rab  13)  or  in  paraffin  (all  others).  Sections 
(5  urn)  were  placed  on  gelatin-coated  slides.  For  removal  of  paraffin,  sections 
were  immersed  sequentially  in  xylenes  followed  by  graded  mixtures  of  ethanol 
and  water,  and  rehydrated  in  dhbO.  Frozen  sections  were  brought  to  room 
temperature  before  rehydration  in  PBS.  Sections  from  paraffin-embedded, 
gestational  rat  kidneys  were  obtained  from  Dr.  Stephen  Gluck.  Neonatal  mice 
were  fixed  with  10%  formalin  and  processed  as  above  for  paraffin  embedding. 
Imaging 

Immunohistochemical  images  were  obtained  on  a  Zeiss  Axiophot  with  a 
Dicomed  45  megapixel  digital  camera  attachment  (Carl  Zeiss  Inc,  Thornwood 
NY).  Immunofluorescent  images  were  acquired  on  a  Zeiss  fluorescence 
microscope  attached  to  a  Spot  digital  camera  (Carl  Zeiss  Inc,  Thornwood  NY). 
Digitized  images  were  captured  with  Adobe  Photoshop. 
Tissue  Preparation  for  Immunoblotting 

For  immunoblotting,  mice  were  perfused  with  PBS,  the  tissues  (kidney, 
liver,  heart,  intestine,  brain,  pancreas,  stomach,  spleen)  were  removed  and  the 
kidneys  were  further  dissected  to  enrich  for  either  cortex  or  medullary  regions. 
Tissues  were  homogenized  in  Tris-buffered  saline  (TBS),  pH  7.4  containing  250 
mM  sucrose  and  protease  inhibitors  (leupeptin,  pepstatin  and  aprotinin  at  1  ^ig/ml 
and  polymethylsufonylfluoride  (PMSF)  at  0.5  mM)  by  two  or  three  10-second 
pulses  on  a  Polytron  while  being  ice  cooled.  Samples  were  then  transferred  to 
microcentrifuge  tubes  and  centrifuged  at  4°C  for  10  minutes  at  1000  x  g.  The 
1000  x  g  supernatants  were  used  for  immunoblotting  after  analysis  for  total 
protein  by  use  of  the  BCA  Protein  Assay  kit. 
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Antibodies  and  Reagents 

Antibody  to  Rab  5a  (rabbit  polyclonal)  was  obtained  from  Santa  Cruz 
Biotechnology  Inc  (Santa  Cruz,  CA)  along  with  its  corresponding  immunogenic 
peptide.  Antibody  to  Rab  11  (mouse  monoclonal)  was  purchased  from 
Transduction  Laboratories  (Lexington,  KY)  and  Rab  13  antibody  (rabbit 
polyclonal)  was  obtained  from  Chemicon  (Temecula,  CA).  Antibodies  to  Rab  18 
and  20  (rabbit  polyclonals)  were  a  generous  gift  from  Dr.  Marino  Zerial  (EMBL, 
Heidelberg,  Germany).  Antibodies  to  the  V-ATPase  E-subunit  (monoclonal)  and 
to  the  B1  and  B2  subunits  (polyclonal)  have  been  characterized  previously  [94, 
49],  as  has  the  antibody  to  carbonic  anhydrase  II  (CAM;  rabbit  polyclonal),  which 
was  provided  by  Dr.  Paul  Linser  at  the  University  of  Florida  [95,  96].  Antibody  to 
the  Na,  K-ATPase  arsubunit  was  purchased  from  Upstate  Biotechnologies  Inc 
(Lake  Placid,  NY).  Normal  horse  and  normal  goat  serum,  and  anti-mouse  and 
anti-rabbit  biotin-labeled  secondary  antibodies  were  purchased  from  Zymed 
(South  San  Francisco,  CA).  Peroxidase-labeled  antibodies  used  in  the 
immunoblotting  were  obtained  from  Amersham  Pharmacia  Biotech  (Piscataway, 
NJ;  anti-mouse  and  anti-rabbit).  Fluorescent  secondary  antibodies  were 
purchased  from  Jackson  Laboratories  (West  Grove,  PA).  The  Elite  ABC  Reagent 
was  obtained  from  Vector  Laboratories  (Burlingame,  CA).  The  BCA  Protein 
Assay  kit  was  purchased  from  Pierce  (Rockford,  IL).  Cell  growth  media, 
Lipofectamine  2000  and  OptiMEM  were  purchased  from  GIBCO  BRL  Life 
Technologies  (Carlsbad,  CA).  SuperSignal  West  Pico  chemiluminescence 
substrate  was  from  Pierce  (Rockford,  IL).  All  other  reagents  were  purchased  from 
Sigma  (St.  Louis,  MO)  or  Fisher  (Pittsburgh,  PA)  unless  otherwise  indicated. 
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Cell  Culture 

MDCK  cells  were  grown  in  DMEM  containing  4.5  mM  glucose,  1% 
nonessential  amino  acids,  and  10%  fetal  bovine  serum.  Media  was  changed 
every  2-3  days  and  cells  were  passaged  approximately  every  5  days  at 
confluency.  LLC-PKi  cells  were  cultured  in  Media  199  containing  10%  fetal 
bovine  serum  (FBS).  OMCD  cells  were  cultured  as  described  previously. 
Immunostaining  of  Mouse  Kidney 
Enzyme  immunostaining 

Hydrated  sections  were  washed  in  PBS  with  or  without  antigen  retrieval 
(see  Table  2.1)  and  endogenous  peroxidase  activity  was  removed  with  3%  H2O2 
in  dh^O.  Sections  were  incubated  with  blocking  solution  for  1-2  hours  to  block 
nonspecific  binding,  followed  by  incubation  with  primary  antibody  in  blocking 
solution  overnight  in  a  humidified  chamber  at  4°C.  As  a  negative  control  in  some 
experiments,  primary  antibody  was  incubated  with  the  corresponding  immunizing 
peptide  prior  to  incubation  on  the  sections  overnight  (Table  2.1).  Additional 


Table  2.1.  Conditions  of  enzyme  immunolabeling  of  mouse  tissue  (ND=not  done; 
NHS=normal  horse  serum;  NGS=normal  goat  serum;  SDS=sodium  dodecyl 
sulfate) 


Rab 

Antigen 
Retrieval 

Blocking 
solution 

Primary 
antibody 

Biotin- 
labeled 
Secondary 
antibody 

Peptide 

Subsequent 
labeling 

5a 

ND 

10% 

NGS    in 
PBS 

2  ng/ml 

Goat    anti- 
Rabbit, 
1/100 

10 
ng/ml 

Co-labeled  with 
V-ATPase       E 
subunit 

11 

1%  SDS 
in  PBS 

10% 

NHS     in 
PBS 

10ng/ml 

Goat    anti- 
Mouse 
IgG,  1/100 

ND 

Co-labeled  with 
CAM 
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negative  controls  were  sections  incubated  with  mouse  (Rab  1 1 )  or  rabbit  (Rab 
5a)  IgG.  Sections  were  then  washed  with  PBS,  incubated  with  biotin-labeled 
secondary  antibody  for  1  hour  at  room  temperature,  washed,  and  incubated  with 
Elite  ABC  Reagent.  After  washing  with  PBS,  immunoreactivity  was  visualized 
with  DAB.  The  peroxidase  activity  of  the  secondary  antibody  was  eliminated  by 
reincubation  in  H2O2  as  above.  The  Rab  5a  sections  were  incubated  with 
blocking  solution  containing  20%  fetal  calf  serum,  1%  polyethylene  glycol  in  PBS, 
and  then  with  a  14  dilution  of  E  subunit  culture  supernatant  in  the  blocking 
solution.  The  Rab  11  sections  were  incubated  again  in  10%  NHS-PBS,  and  then 
with  antibody  to  CAM  (1/400-1/800  dilution  in  NHS-PBS)  to  facilitate  identification 
of  tubules.  Sections  were  washed  and  incubated  with  Elite  ABC  Reagent,  and  E 
subunit  labeling  or  CAII  labeling  was  visualized  with  the  Vector  SG  chromagen 
substrate.  Mounted  sections  were  examined  by  light  microscopy. 
Fluorescence  immunohistochemistry 

Hyd rated  sections  were  treated  for  antigen  retrieval  or  to  reduce 
autofluorescence  (see  Table  2.2)  before  being  incubated  with  blocking  solution 
for  1-2  hours  followed  by  incubation  with  primary  antibody  diluted  in  blocking 
solution  for  2  hours  in  a  humidified  chamber  at  room  temperature.  Negative 
controls  included  sections  incubated  without  antibody,  or  with  rabbit  and  mouse 
IgG  instead  of  specific  antibodies.  Additionally,  peptide  competition  was  used  for 
Rab  18  and  Rab  20  antibodies.  Subsequently,  sections  were  washed  and 
incubated  with  the  secondary  antibodies,  fluorescein-labeled  anti-rabbit  IgG  or 
Texas  Red-labeled  anti-mouse  IgG,  for  15  minutes  at  room  temperature. 
Sections  were  washed  and  mounted  before  observation.  Simultaneous  double 


28 


labeling  for  V-ATPase  E  subunit  (1/3  dilution)  with  Rab  18  or  Rab  20  was  used  to 
identify  IC.  For  Rab  13,  subsequent  labeling  with  V-ATPase  E  subunit  (1/3 
dilution)  or  Na,  K-ATPase  ai  subunit  (1/1000  dilution)  in  blocking  solution  was 
used  to  differentiate  the  tubules  in  the  outer  medulla  (OM).  A  1-2  hour  primary 
and  1  hour  secondary  antibody  incubation  were  used  for  the  subsequent 
labeling. 


Table  2.2.  Conditions  of  fluorescence  immunolabeling  of  mouse  tissue  (ND=not 
done;  NHS=normal  horse  serum;  BSA=bovine  serum  albumin;  RT=room 
temperature) 


Rab 

Embed 

Pretreat 

Antigen 
Retrieval 

Blocking 
solution 

Washing 
buffer 

Primary 
antibody 

Peptide 

13 

Frozen 

ND 

0.01% 
saponin 
in  0.02% 
BSA- 
PBS;  30 
min     @ 
RT 

0.02% 

BSA- 

PBS 

0.02% 

BSA- 

PBS 

1/500  or 
1/1000 

ND 

18 

Paraffin 

50mM 
NH4CI 
15    min 
@RT 

ND 

10% 

NHS- 

PBS 

PBS 

1/10 
dilution 

20ng/ml 

20 

paraffin 

50mM 
NH4CI 
15    min 
@RT 

ND 

10% 

NHS- 

PBS 

PBS 

1/8 
dilution 

20ng/ml 

Detection  of  Rab  GTPases  in  Mouse  Tissues 
SDS-PAGE 

SDS-PAGE  was  performed  using  the  Mini-Protean  II  blotting  system 
(BioRad)  at  100-200V  for  60-105  minutes.  Samples  of  30  ^g  total  protein/lane 
were    heated    (65°C    or    boiled)    for    5    min    in    sample    buffer    containing 


29 

pmercaptoethanol  (p-ME;  BioRad)  and  separated  by  SDS-PAGE  with  a  4% 
polyacrylamide  stacking  gel  and  a  12%  running  gel.  Samples  evaluated  for  Rab 
11  were  placed  in  sample  buffer  without  (3-ME  to  avoid  overlapping  of  the  band 
for  Rab  1 1  (23  kD)  with  that  of  the  mouse  IgG  light  chain  present  in  the  mouse 
tissues,  and  were  separated  in  gels  without  added  SDS.  Under  these  conditions, 
the  IgG  heavy  and  light  chains  remained  as  heterodimers,  enabling  separation 
from  the  Rab  11  polypeptide  (data  not  shown).  A  duplicate  gel  analyzed  by 
immunoblotting  using  only  peroxidase-labeled  anti-mouse  IgG  to  detect  the 
endogenous  mouse  IgG  confirmed  the  results. 
Immunoblotting 

Immunoblotting  was  performed  using  standard  techniques.  Proteins  were 
transferred  to  membranes  in  a  wet  transfer  at  100V  for  1  hour  using  the  Mini 
Trans-blot  apparatus  (BioRad)  immersed  in  ice.  Consistent  protein  loading 
across  lanes  was  verified  by  Ponceau  S  staining  of  the  membranes  before 
proceeding  with  the  immunoblotting.  For  Rab  5a,  11,  13,  and  20,  membranes 
were  incubated  in  Tris-buffered  saline  (10mM  Tris-HCI,  100mM  NaCI,  pH  7.4) 
containing  5%  milk  and  0.1%  Tween  20  (TBST-milk)  to  block  nonspecific  binding. 
Membranes  used  for  Rab  18  were  incubated  with  TBS  containing  5%  ovalbumin 
and  0.1%  Tween  20.  The  same  solution  used  to  block  nonspecific  sites  on 
membranes  was  used  for  dilution  of  the  corresponding  antibodies.  Antibody  to 
Rab  5a  was  used  at  a  dilution  of  1:200.  Rab  18  and  Rab  20  antibodies  were 
diluted  1/200  or  1/500,  Rab  11  antibody  was  diluted  at  1:1000,  and  Rab  13 
antibody  at  1:2000.  Primary  antibodies  were  incubated  with  the  membrane 
overnight  at  4°C.      In   order  to   establish   specificity  of  binding,    in   some 
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experiments,  primary  antibodies  were  preincubated  with  their  corresponding 
peptides  or  polypeptide  before  incubation  on  the  membrane.  Immunizing  peptide 
for  Rab  5a  (10  ng/ml),  Rab  18  (5  ^ig/ml)  and  Rab  20  (5  |ig/ml),  and  recombinant 
Rab  11  polypeptide  (see  below;  0.1  ng/ml)  were  used.  No  immunogen  was 
available  for  Rab  13.  Peroxidase-labeled  secondary  antibodies,  anti-mouse 
(1/5000  dilution)  for  Rab  11,  anti-rabbit  (1/5000  dilution)  for  Rab  5a,  13,  18,  and 
20,  were  incubated  for  1  hour  at  room  temperature.  Labeling  was  detected  using 
the  SuperSignal  West  Pico  Chemiluminescence  substrate.  Bands  were  imaged 
and  quantified  using  the  Alpha  Innotech  system  (BioRad,  Hercules  CA).  Tissue 
blots  were  done  at  least  2  times  for  each  Rab  GTPase. 
Generation  of  recombinant  Rab  11  immunogen 

Primers  containing  restriction  sites  for  BamH1  and  EcoR1  were  obtained 
from  Operon  Technologies  (Alameda  CA)  for  polymerase  chain  reaction  (PCR) 
amplification  of  the  segment  of  the  human  Rab  11  cDNA  encoding  the 
immunogenic  polypeptide,  amino  acid  residues  86-207  (5'- 
CCCGGATCCGGTGCCTTATTGGTTTA-3';  5'-CCCGAATTCCTTGTTTTCAGT- 
GGTTG-3').  PCR  was  performed  using  Taq  polymerase  and  a  human  kidney 
cDNA  library  (Clontech).  Optimized  PCR  conditions  were  94°C,  3  minutes;  35 
cycles  of  94°C,  1  minute,  58°C,  1.5  minutes,  72°C,  2  minutes;  followed  by  a  final 
extension  at  72°C,  2  minutes.  The  384  base  pair  amplified  fragment  was  treated 
with  BamH1  and  EcoR1  restriction  enzymes  simultaneously  and  ligated  into  the 
same  restriction  sites  of  the  pGEX-2TK  vector  (Invitrogen).  Competent  E.  coli 
(Max  efficiency  cells,  GIBCO  Life  Technologies)  were  transformed  with  the 
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construct  using  standard  procedures  [97].  Following  induction  with  IPTG  (0.1  mM) 
for  3  hours  at  37°C,  the  human  Rab  1 1  fragment-GST  fusion  protein  was  purified 
using  glutathione-agarose  beads  [97].    Protein  was  measured  as  absorption  at 
280  nm  wavelength. 
Isolation  of  Mouse  Kidney  Fractions  by  Differential  Centrifugation 

Mice  were  perfused  with  PBS  containing  2  mM  EDTA  (PBS-E).  Both 
kidneys  were  removed  and  a  medulla-enriched  portion  was  dissected  free. 
Samples  from  1-2  mice  were  placed  in  1.5  ml  PBS-E  containing  protease 
inhibitors  (leupeptin,  pepstatin  and  aprotinin  at  1  |j.g/ml  and  PMSF  at  0.5  mM; 
PBS-E*)  and  homogenized  on  ice  using  two  or  three  10-second  pulses  of  a 
Polytron  while  immersed  in  ice.  The  samples  were  transferred  to  microcentrifuge 
tubes  and  centrifuged  at  1000  x  g  (1K)  for  10  minutes  at  4°C.  The  supernatant 
was  subjected  to  sequential  centrifugation  at  3000  (3K),  8000  (8K),  and  15000  x 
g  (15K)  for  10  minutes  at  each  step,  and  finally  at  100,000  x  g  (100K)  for  1  hour. 
Aliquots  of  supernatants  from  each  step  of  the  differential  centrifugation  were 
taken  for  immunoblotting.  The  pellets  from  each  step  of  the  differential 
centrifugation  were  washed  in  120  ^il  PBS-E*  before  resuspension  in  100ju.I  (3K, 
8K,  15K)  or  200  ^l  (100K)  PBS-E*.  Aliquots  of  each  of  the  pellets  and  the 
supernatants  were  taken  for  protein  analysis  using  the  BCA  Protein  Assay  kit. 
SDS-PAGE  and  immunoblotting  on  the  Rab  GTPases  in  the  differential 
centrifugation  fractions  was  performed  as  described  above.  Likewise 
immunoblotting  for  CAM  and  the  V-ATPase  subunits  A,  B1,  B2  and  E  were 
performed  as  above.  For  Na,  K-ATPase  ai-subunit  labeling,  a  7.5%  running  gel 
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was  used  and  5  ng  total  protein/lane  was  applied.  For  Na,  K-ATPase  ai-subunit, 
CAM  labeling  and  labeling  of  the  V-ATPase  subunits,  membranes  were  incubated 
in  TBST-milk  and  incubated  as  described  above.  Antibodies  to  the  Na,  K-ATPase 
ai-subunit  or  to  CAII  were  used  at  1/10,000  dilution;  sera  containing  antibodies  to 
the  A,  B1  or  B2  subunit  of  V-ATPase  were  diluted  at  1/200.  The  anti-E  subunit 
culture  supernatant  was  diluted  1/5.  Each  Rab  GTPase  was  examined  using 
blots  from  at  least  two  experiments. 
Characterization  of  Mouse  Kidney  Fractions  on  Percoll  Gradients 

The  15K  or  100K  membranes  from  the  differential  centrifugation  were 
subjected  to  self-generated  Percoll  gradients.  Percoll  was  made  isotonic  by  the 
addition  of  1.5  M  NaCI  to  a  final  concentration  of  0.15  M  NaCI  before  further 
dilution  with  PBS-E  to  the  starting  density  of  the  Percoll  solution  (1.02828  g/ml; 
18%  Percoll).  Vesicles  were  expected  to  be  at  densities  between  1.01  and  1.04 
g/ml.  The  conditions  for  optimal  separation  of  1.018  g/ml  and  1.033  g/ml  density 
marker  beads  were  therefore  initially  established  by  testing  different 
centrifugation  times  and  Percoll  densities  on  density  marker  beads  (Figure  2.1). 
Membrane  samples  were  brought  to  200  ^l  with  PBS-E*,  if  necessary,  and  mixed 
with  the  Percoll  solution  before  centrifugation  at  20,000  g  for  15  minutes  in  a 
Ti70.1  rotor  (Beckman).  Nine  fractions  were  collected  by  a  blunted  27-gauge 
needle  attached  to  an  insulin  syringe  beginning  at  the  top  of  the  7  ml  gradient 
and  continuing  to  the  bottom  of  the  tube.  Density  marker  beads  run  in  parallel  in 
an  identical  tube  indicated  that  fractions  #1  and  #2  were  taken  at  the  levels  of 
marker  beads  corresponding  to  a  density  of  1.018;  fractions  #7  and  #8 
corresponded  to  1.033  g/ml;  and  fraction  #9  corresponded  to  densities  of  1.049- 
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1.121  g/ml.  The  collected  fractions  were  diluted  at  least  4-fold  with  PBS-E*.  The 
fractions  from  the  15K  membranes  were  centrifuged  at  15,000  x  g  for  15  minutes 
with  or  without  a  preliminary  100,000  x  g  spin  to  remove  Percoll.  Fractions  from 
100K  membranes  were  centrifuged  twice  at  100,000  x  g  for  60  minutes.  Percoll 
fraction  pellets  were  resuspended  in  sample  buffer  containing  p-ME  and  stored  at 
-70°C  until  evaluated  by  immunoblotting  as  described  above. 
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Figure  2.1.  Establishment  of  Percoll  gradient  conditions.  Density  marker  beads 
were  centrifuged  at  20,000  x  g  in  differing  Percoll  densities  for  15,  30,  60  or  90 
minutes.  The  position  of  each  of  the  marker  beads  was  plotted  as  distance 
from  the  top  of  the  gradient  versus  the  density  of  each  of  the  marker  beads. 


CHAPTER  3 
ANGIOTENSIN  II  EFFECTS  ON  APOPTOSIS 

In  vivo  Studies 

Establishment  of  Cell  Proliferation  and  Cell  Death  Techniques 

Cell  proliferation 

Cell  proliferation  was  detected  in  tissue  sections  and  in  cell  culture  by 
immunolabeling    of    bromodeoxyuridine    (BrdU),    a    thymidine    analog    that 

incorporates   into  replicating   DNA. 
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Figure  3.1  Representative  BrdU  labeling 
in  mouse  kidney  section  (NZ= 
nephrogenic  zone;  MR=medullary  ray). 


Labeling  of  BrdU  in  proliferating 
cells  (Figure  3.1)  in  a  wax  section  of 
neonatal  (postnatal  day  6,  P6)  rat 
can  clearly  be  seen  in  the 
nephrogenic  zone  and  in  the 
medullary  rays.  No  evidence  of 
proliferation  was   observed   in  the 


medulla.  Prominent  double-labeling  of  ai-subunit  of  Na,  K-ATPase  identified 
distal  tubules.  Lower  intensity  labeling  of  Na,  K-ATPase  ai-subunit  was  seen  in 
collecting  duct.  No  proliferating  cells  were  noted  in  other  regions  of  the  nephron. 
Cell  death 

Cell  death  was  detected  by  terminal  deoxynucleotidyl  transferase  (TdT)- 
mediated  nick  end  labeling  (TUNEL)  on  wax  sections  and  in  cell  cultures. 
Apoptotic  nuclei  are  indicated  by  the  arrows  in  the  micrograph  of  a  wax  section 
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treated  with  the  TdT  enzyme  and  biotin-labeled  dUTP  (Figure  3.2,  panel  1).  Low 
background  was  seen  in  negative  control  sections  (data  not  shown).  As  a 
positive  control,  sections  were  treated  with  DNase  I  prior  to  incubation  in  the 

TUNEL  reaction  (Figure  3.2, 
panel  2).  All  nuclei  appeared  to 
display  labeling  by  TUNEL  in  the 
positive  control  sections. 
Similarly,  TUNEL  in  cultured 
mTAL  cells  were  clearly 
identifiable  (Figure  3.2,  panel  3). 
DNase  l-treated  cells  were 
extensively  labeled  by  TUNEL 
(Figure  3.2,  panel  4). 
In  order  to  verify  the  specificity  of  the  TUNEL  technique,  a  renal  injury 
model,  was  examined.  Cisplatin,  an  anticancer  drug,  induces  necrosis  at  high 
doses,  however,  lower  doses  produce  both  apoptosis  and  necrosis.  Transgenic 
mice  deficient  in  the  stress  protein  heme  oxygenase  1  (HO-1),  and  their  wild  type 
littermates,  were  given  low  dose  cisplatin  or  the  vehicle  saline  [92].  Cisplatin- 
treated  mice  exhibited  apoptosis  in  proximal  and  distal  nephron  as  well  as  some 
evidence  of  necrosis.  Saline-treated  animals  showed  little  or  no  injury. 
Homozygous  mice  deficient  in  HO-1  showed  greater  injury  than  their  wild  type 
littermates.  Labeling  was  seen  only  in  apoptotic  nuclei  and  not  in  necrotic  nuclei 
nor  in  cellular  debris,  confirming  the  specificity  of  the  conditions  used. 
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Treatment  of  neonatal  rat  pups  with  an  ACE  inhibitor 

Kidneys  from  neonatal  animals  administered  the  ACE  inhibitor,  enalapril, 
exhibited  no  changes  in  the  labeling  of  apoptotic  cells  by  TUNEL  at  any  of  the 
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Figure  3.3  Representative  photomicrographs  of  TUNEL  labeling  in  kidney 
sections  from  postnatal  day  6  rats  treated  with  either  the  vehicle  saline  or  the 
ACE  inhibitor,  enalapril. 


time  points  examined  (postnatal  day  (P)  3,  6  or  13)  in  the  developing  loop  of 
Henle  or  CD  (Figure  3.3).  Additionally,  no  gross  morphological  changes  were 
observed  in  the  papilla  of  these  neonates.  The  lack  of  changes  in  these  animals 
may  be  due  to  the  low  dosage  of  ACE  inhibitor  used.  Additionally,  enalapril  is 
inactive  unless  converted  to  enalaprilat  by  enzymes  in  the  liver.  Since  at  birth, 
rats  do  not  have  fully  developed  liver  function,  the  enalapril  given  to  the  newborn 
rats  may  not  have  been  successfully  converted  to  the  active  form  in  this  time 
period. 
Treatment  of  neonatal  rat  pups  with  an  ATiR  or  AT2R  blocker 

To  examine  the  RAS  at  the  level  of  Ang  signaling,  neonatal  rats  were 
treated  with  differing  concentrations  of  the  A^R  blocker,  Losartan,  or  the  AT2R 
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Figure  3.4.  TUNEL  in  neonatal  kidneys  of  P6  rats  treated  with  Losartan  or  PD 
123319.  Arrows  indicate  apoptotic  cells  in  TAL.  Solid  arrowheads  indicate 
apoptotic  cells  in  CD.  Open  arrowhead  points  to  apoptotic  cell  in  the  lumen. 

blocker,  PD123319.  In  kidney  sections,  no  differences  in  apoptosis  in  either  the 
thick  epithelium  of  the  loop  of  Henle  or  in  cells  of  the  CD  were  seen. 
Representative  micrographs  of  TUNEL  in  kidney  sections  of  animals  treated  with 


Table  3.1  Apoptotic  indices  of  neonatal  rat  pups  treated  with  Losartan, 
PD123319  or  saline  (ND=not  done;  SE=standard  error) 


Daily  dose 

Saline 

Losartan 

PD123319 

1 0  mg/kg/bw 

4.37 
1.32 

2.1 

3.88 

1.77 

3.82 
4.82 
3.16 

Mean  ±  SE 

2.85  ±1.53 

2.58  ±  0.65 

3.93  ±  0.48 

20  mg/kg/bw 

4.21 
4.51 
2.26 

2.68 
0.37 

5.98 
3.64 

Mean  ±  SE 

1.525  ±1.16 

4.81  ±1.17 

30  mg/kg/bw 

5.86 
0.16 

ND 

Mean  ±  SE 

3.01  ±2.85 

40  mg/kg/bw 

4.77 
0.53 

4.14 
2.95 

Mean  ±  SE 

3.66  ±0.71 

2.65  ±2.12 

3.55  ±  0.60 
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a  daily  dose  of  10,  20  or  30 
mg/kg/bw  Losartan  or  with  10  or  20 
mg/kg/bw  PD123319  are  shown  in 
Figure  3.4.  Apoptotic  indices  for  the 
treated  animals  and  the  Group 
means  are  given  in  Table  3.1. 
Additional  wax  sections  processed 
for  BrdU  labeling  followed  by 
double-labeling  with  the  ai-subunit 
of  Na,  K-ATPase  for  tubule 
identification  also  showed  no 
significant  differences  between  the 
saline  treated  animals  and  those 
treated  with  Ang  receptor  blockers. 
Representative     photomicrographs 

of  BrdU  labeling  in  kidney  sections  of  animals  treated  with  20  mg/kg  bw/day 

dosages  are  shown  in  Figure  3.5. 

In  vitro  Studies 

Localization  of  the  AT-|R  in  cultured  cells  by  immunocytochemistry  and 
AT2R  in  microdissected  tubules  by  ELISA 

Acetone-fixed  OMCD  cells  grown  to  confluency  in  serum-containing  media 

demonstrated  immunolocalization  of  the  ATtR  predominantly  in  intracellular 

compartments  in  these  cells  (Figure  3.6).  Similar  results  were  seen  in  mTAL 

cells.  Using  ELISA,  AT2R  was  identified  in  mouse  nephron  segments  (Figure 


Figure  3.5  BrdU  labeling  in  neonatal 
kidneys  of  P6  rats  treated  with  Losartan 
orPD123319. 
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3.7).  Optical  density  data  were  plotted  against  protein  concentrations.  Highest 
levels  were  seen  in  TAL  and  distal  convoluted  tubule  with  lower  levels  in  proximal 
tubule  and  glomerulus.  Wells  containing  protein  but  without  primary  antibody 
demonstrated  only  background  binding. 


Figure  3.6  AT^R  labeling  in 
OMCD  cells. 


i 1 r 

2         4         6 
Protein  (ng/ml) 


8 


Figure  3.7  ELISA  analysis  of  AT2R  in  nephron 
segments.  (PT=proximal  tubule; 
GLOM=glomerulus;  TAL=thick  ascending 
limb;  DCT=distal  convoluted  tubule) 


Evaluation  of  the  response  of  mTAL  and  OMCD  cells  to  treatment  with  Ang 

Cells  (mTAL  and  OMCD)  treated  with  varying  concentrations  of  Ang 
demonstrated  no  qualitative  changes  in  TUNEL  between  the  different 
concentrations  of  Ang  relative  to  those  that  remained  in  serum-free  media 
without  Ang.  Also,  no  differences  in  the  numbers  of  cells  stained  for  BrdU 
incorporation  could  be  identified.  Representative  photomicrographs  of  BrdU 
labeling  in  mTAL  cells  treated  with  0,  10'7,  10~8,  10"9,  10'10  and  10"11  M  Ang  are 
shown  in  Figure  3.8.  Similar  results  were  seen  with  OMCD  cells. 
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Figure  3.8  BrdU  labeling  of  mTAL  cells  treated  with 
varying  concentrations  of  Ang. 


Effects  in  mTAL  and  OMCD  cells  treated  with  Ang  with  and  without 
blockade  of  either  the  A1^R  or  the  AT2R 

Treatment  of  mTAL  and  OMCD  cells  with  either  the  ATiR  or  AT2R  blocker 
in  the  presence  of  Ang  did  not  alter  the  level  of  apoptotic  cells  as  identified  by 
either  TUNEL  or  Ann  V/PI  labeling.  The  differing  concentrations  of  Ang  treatment 
relative  to  the  control  cells  (no  Ang  present)  did  not  have  any  difference  in 
labeling.  Regardless  of  the  timing  of  labeling  with  Ann  V  and  PI,  most  cells 
remained  unstained,  indicating  healthy  cells.  Some  cells  were  stained  with  both 
Ann  V  and  PI,  indicating  necrotic  cells,  while  very  few  cells  were  positive  only  for 
Ann  V  (apoptotic  cells)  in  any  of  the  samples  (data  not  shown).  Treatments  with 
the  Ang  receptor  blockers  did  not  appear  to  alter  the  numbers  of  BrdU-positive 
cells  either  regardless  of  Ang  concentration  used  in  the  presence  or  absence  of 
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receptor  blockers.  Representative  photomicrographs  of  BrdU  labeling  of  cells  are 
shown  in  Figure  3.9. 
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Figure  3.9  BrdU  labeling  of  mTAL  cells  treated  with  Losartan  or 
PD123319  in  the  presence  or  absence  of  Ang. 


CHAPTER  4 
RAB  GTPases  AND  V-ATPase  IN  ADULT  MOUSE  KIDNEY 

Tissue-  and  cell-type  specific  distribution  of  Rab  GTPases  in  the  mouse 

kidney 
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Figure  4.1.  Representative  blots  of 
reactivity  of  Rab  5a  antibody.  Kidney 
cortex  (C)  and  medulla  (M)  were  blotted 
with  anti-Rab  5a  in  the  absence  (lanes  1 
and  2)  or  presence  of  immunizing  peptide 
(lanes  3  and  4).  A  24  kD  band  was  found 
that  was  not  seen  when  Rab  5a  was 
incubated  on  the  blot  in  the  presence  of 
peptide. 


Rab  5a 

A  specific  Rab  5a 
immunoreactive  polypeptide  was 
identified  in  mouse  kidney. 
Mouse  kidney  cortex  and 
medulla  incubated  with  anti-Rab 
5a  demonstrated  a  single  band 
at  24  kD  (Figure  4.1,  lanes  1  and 
2).  A  similar  blot  incubated  with 
anti-Rab  5a  in  the  presence  of 


the  Rab  5a  immunizing  peptide  had  no  immunoreactive  bands  (Figure  4.1,  lanes 
3  and  4).   Immunoblots  of  various  mouse  tissues  demonstrated  ubiquitous 
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Figure  4.2.  Rab  5a  immunoreactivity  in  mouse  tissues.  Mouse  tissues  (30  ^g 
total  protein)  were  homogenized  and  processed  for  immunoblotting,  run  on 
SDS-PAGE  and  immunoblotted  with  anti-Rab  5a.  C=kidney  cortex,  M=kidney 
medulla,  B=brain,  L=liver,  St=stomach,  l=small  intestine,  H=heart, 
P=pancreas,  S=spleen. 
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Figure  4.3.  Representative  images  of  Rab  5a 
immunoreactivity  in  mouse  kidney  cortex.  (1) 
Immunostaining  for  Rab  5a  (DAB;  brown)  is 
present  as  diffuse  cytoplasmic  staining  in 
epithelial  cells  of  proximal  (solid  arrowheads)  and 
distal  (solid  arrow)  tubules  and  CD  (open  arrows). 
Double  labeling  for  V-ATPase  (Vector  SG;  blue) 
identified  IC  of  CD.  (2)  Preincubation  of  Rab  5a 
antibody  with  immunizing  peptide  before 
incubation  on  sections  removed  most  of  the  Rab 
5a  labeling.  Double  labeling  with  E  subunit 
antibody  identified  IC.  (3)  Immunostaining  with 
Rabbit  IgG  instead  of  anti-Rab  5a  demonstrated 
background  staining.  (4)  Incubation  of  sections 
with  only  blocking  solution  instead  of  anti-Rab  5a 
showed  background  labeling.  Labeling  of  E 
subunit  identified  IC. 


expression  of  Rab  5a.  In 
all  tissues  (Figure  4.2),  a 
major  immunoreactive 
polypeptide  was  observed 
at  24  kD.  Highest 
expression  was  observed 
in  brain  with  moderate 
levels  evident  in  kidney 
cortex  and  medulla, 
stomach,  heart,  pancreas 
and  spleen.  Lower  level 
expression  was  seen  in 
liver,  whereas  no 
significant  expression  was 
detected  in  small  intestine. 
In  adult  mouse 
kidney  sections  (Figure 
4.3),  Rab  5a 

immunostaining  was 

localized  to  epithelial  cells 
of  proximal  and  distal 
nephron  as  well  as 
collecting  duct  in  a  diffuse 
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staining  pattern  (Figure  4.3,  panel  1).  Double  labeling  for  E  subunit  was  seen  in 
IC  of  CD.  The  Rab  5a  staining  was  largely  removed  by  preincubation  of  the 
antibody  with  the  immunizing  peptide  (Figure  4.3,  panel  2).  Similar  minimal 
background  staining  was  observed  in  sections  incubated  with  rabbit  IgG  (Figure 
4.3,  panel  3)  or  no  primary  antibody  (Figure  4.3,  panel  4)  instead  of  the  specific 
Rab  5a  antibody. 


MDCK 
anti-Rab  5a 

OMCD 
anti-Rab  5a 

■ 

\ 

2 

MDCK 
anti-Rab  5a  +  peptide 

LLC-PK 
anti-Rab  5a 

Figure  4.4.  Rab  5a  immunoreactivity  in  cultured  cells.  Cultured  cells  grown  on 
coverslips  were  fixed  and  processed  for  enzyme  immunocytochemistry  using 
an  antibody  to  Rab  5a.  (1)  MDCK  cells,  (2)  OMCD  cells,  arrows  indicate 
mitotic  figures,  (3)  antibody  competition  in  MDCK  cells  and  (4)  LLC-PK  cells 
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Immunocytochemical  labeling  of  Rab  5a  in  MDCK  (Figure  4.4,  panel  1), 
LLC-PK  (Figure  4.4,  panel  4)  and  OMCD  (Figure  4.4,  panel  2)  cells  showed  a 
diffuse  pattern  of  expression  in  interphase  cells.  Rab  5a  was  seen  to  associate 
with  mitotic  figures  in  dividing  OMCD  cells  (arrows,  Figure  4.4,  panel  2). 
Preincubation  of  the  specific  antibody  with  the  immunizing  peptide  prior  to 
incubation  on  MDCK  cells  resulted  in  no  labeling  (Figure  4.4,  panel  3).  Similar 
results  were  seen  in  LLC-PK  and  OMCD  cells  (data  not  shown). 
Rab  11 

A  specific  Rab  11  immunoreactive  23  kD  polypeptide  was  observed  in 

tissues. 
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Figure  4.5.  Immunoblotting  with  antibody  to  Rab 
11.  Homogenized  kidney  cortex  (C)  or  medulla 
(M)  tissue  immunoblotted  with  anti-Rab  1 1  (lanes 
1  and  2)  or  with  anti-Rab  1 1  in  the  presence  of 
the  immunogenic  polypeptide  (lanes  3  and  4).  A 
23  kD  band  was  present  in  both  kidney  regions 
that  was  eliminated  when  the  blot  was  incubated 
with  anti-Rab  1 1  in  the  presence  of  polypeptide. 


mouse 

Competition  experiments 
(Figure  4.5)  using 
recombinant  Rab  1 1 
polypeptide  demonstrated 
specificity  of  the 

immunoreactivity.  Blots  of 
kidney  cortex  and  medulla 
incubated  with  anti-Rab  1 1 
(Figure  4.5,  lanes  1  and  2) 
contained     one     reactive 


band  that  was  removed  on  blots  incubated  with  anti-Rab  1 1  in  the  presence  of 
recombinant  Rab  1 1  polypeptide  (Figure  4.5,  lanes  3  and  4).  Immunoblots  of  Rab 
1 1  in  mouse  tissues  (Figure  4.6)  showed  high  expression  in  kidney  cortex  and 


46 

medulla,   brain,   and  stomach  with  lower  levels  of  reactivity  in  liver,   heart, 
pancreas  and  spleen.  No  immunoreactive  bands  were  seen  in  small  intestine. 


CMB  LStl  HPS 

24  kD- 


-*? 


Figure  4.6.  Representative  immunoblot  of  mouse  tissues  with  antibody  to  Rab 
11.  Mouse  tissues  were  homogenized  and  processed  for  immunoblotting  as 
described  in  Figure  4.2  and  in  Materials  and  Methods  with  antibody  to  Rab  11. 


In  mouse  kidney  sections  (Figure  4.7),  Rab  11  immunostaining  was 
abundant  in  distal  convoluted  tubule  cells  (panel  1),  connecting  segment  and 
cortical  CD  (panels  1,  2  and  4).  Colocalization  studies  with  antibody  to  CAM, 
which  strongly  stains  IC  [96],  showed  that  the  Rab  1 1  immunostaining  of  the  CD 
is  predominantly  at  the  apical  borders  of  principal  cells  rather  than  in  IC  (Figure 
4.7,  panels  3  and  4).  Occasionally,  immunostaining  of  Rab  1 1  was  seen  in  the 
apical  brush  border  of  proximal  tubule  cells  (Figure  4.7,  panel  2).  Sections 
incubated  with  mouse  and  rabbit  IgG  (Figure  4.7,  panel  5)  or  no  primary  antibody 
(Figure  4.7,  panel  6)  demonstrated  only  nonspecific  staining  of  interstitium. 

Neonatal  rats  immunolabeled  for  Rab  11  (Figure  4.8)  demonstrated 
staining  in  apical  regions  of  epithelial  cells  of  certain  tubules  in  the  developing 
cortex.  Amplified  expression  of  Rab  1 1  is  seen  in  apical  regions  of  individual  cells 
in  certain  tubules.  The  identity  of  the  differing  tubules  was  not  ascertained. 


47 


anti-Rab  11  (brown )/anti-CA  II  (blue) 
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Figure  4.7.  Images  of  Rab  11  immunolabeling  of  mouse  kidney.  (1),  (2)  and 
(3).  Labeling  with  Rab  11  (brown)  and  CAM  (blue)  in  cortex.  Labeling  of  Rab 
11  and  CAM  in  CD  or  connecting  tubule  (closed  arrowhead),  in  distal 
convoluted  tubule  (closed  arrow),  and  in  proximal  tubule  (open  arrowhead). 
Box  in  panel  3  is  enlarged  in  panel  4.  Magnification  bar  is  100  |am  and  is 
indicative  of  magnification  of  all  panels  except  4.  (4)  Labeling  in  CD  of  Rab  1 1 
in  apical  membrane  of  principal  cells  (brown,  closed  arrowheads)  and  of  CAM 
in  cytoplasm  of  IC  (blue,  open  arrow).  Magnification  bar  is  50  urn.  (5)  Negative 
control  section  incubated  with  Mouse  lgG2a  and  Rabbit  IgG  instead  of  specific 
antibodies.  (6)  Negative  control  section  incubated  without  primary  antibody. 
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Figure  4.8.  Representative  images  of  neonatal  expression  of  Rab  11  in  mouse 
kidney.  Mouse  kidney  sections  from  postnatal  day  1  (P1),  P3,  P7  and  P14 
demonstrate  apical  labeling  of  epithelial  cells  (solid  arrows).  Certain  cells 
(solid  arrowheads)  demonstrate  accentuated  apical  labeling  for  Rab  11. 
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Rab13 


An  anti-Rab  13  immunoreactive  25  kD  polypeptide  was  found  in  kidney 
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Figure  4.9.  Representative  immunoblot  of  mouse  tissues  with  anti-Rab  13. 
Mouse  tissues  were  homogenized  and  processed  for  immunoblotting  as 
described  in  Figure  4.2  and  in  Materials  and  Methods  with  antibody  to  Rab  13. 


cortex  and  medulla,  brain  and  heart  (Figure  4.9),  with  lower  levels  of  reactivity  in 
stomach.  Little  or  no  reactivity  was  seen  in  liver,  small  intestine,  pancreas  or 

spleen.  Additional  higher  molecular 
weight  immunoreactive  polypeptides 
were  observed  in  brain,  stomach  and 
heart,  with  highest  immunoreactivity 
to  a  polypeptide  in  brain.  The  identity 
of  the  additional  immunoreactive 
species  is  unknown.  The  immunogen 
was  not  available  for  peptide 
competition. 

Endogenous  Rab  13 

localization  in  MDCK  cells  appeared  to  be  mostly  perinuclear  with  some  diffuse 
staining  in  cytoplasm  (Figure  4.10).  No  membrane  staining  was  observed. 


Figure  4.10.  Immunolabeling  of 
endogenous  Rab  13  in  MDCK  cells. 
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Figure  4.11.  Pattern  of  expression  of  Rab  13  in  mouse  kidney  outer  medulla. 
(1)  Fluorescence  image  of  mouse  kidney  section  immunolabeled  with  anti-Rab 
13.  Arrowheads  indicate  apical  staining  in  thick  ascending  limb.  Arrows  point 
to  intercalated  cells  which  are  not  labeled.  (2)  The  same  section  as  in  1 
demonstrating  immunolabeling  with  anti-E  subunit  of  the  V-ATPase.  Arrows 
and  arrowheads  are  as  in  1.  (3)  Merged  image  of  1  and  2  demonstrating 
separate  localization  of  Rab  13  and  V-ATPase  E  subunit.  (4)  Fluorescence 
image  of  mouse  kidney  section  immunolabeled  as  in  1 .  Arrows  point  to  apical 
labeling  of  Rab  13  in  thick  ascending  limb.  Bar  is  equal  to  100  urn  and  is 
indicative  for  all  panels.  (5)  The  same  section  as  in  4  demonstrating 
immunolabeling  with  anti-Na,  K-ATPase  a1 -subunit.  Arrows  point  to  thick 
ascending  limb.  (6)  Merged  image  of  4  and  5  demonstrating  co-localization  of 
Rab  13  and  Na,  K-ATPase  a1  -subunit  in  thick  ascending  limb. 


In  the  mouse  kidney,  Rab  13  immunostaining  (Figure  4.11,  panels  2,  3,  5 
and  6)  was  seen  in  the  apical  cytoplasm  of  TAL  cells  of  the  outer  medulla.  The 
identification  of  TAL  cells  was  confirmed  by  dual  labeling  with  either  antibody  to 
the  E-subunit  of  V-ATPase  (Figure  4.11,  panel  2),  which  labels  IC  of  the  CD,  or 
antibody  to  Na,  K-ATPase  arsubunit  (Figure  4.11,  panel  5),  which  strongly 
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Lanes    1 


labels  basolateral  membranes  of  the  TAL  and  only  moderately  labels  CD 
basolateral  membranes.  Merged  images  of  the  Rab  13  and  E  subunit  staining 
(Figure  4.11,  panel  3)  show  no  colocalization  to  the  same  tubules,  however, 
merged  images  of  the  Rab  13  and  Na,  K-ATPase  staining  (Figure  4.11,  panel  6) 
verify  localization  of  Rab  13  immunostaining  with  Na,  K-ATPase  in  TAL  cells. 
Rab  18 

Antibody  to  Rab  18 
specifically  recognized  a  29 
kD  band  (Figure  4.12,  lanes  1 
and  2).  Labeling  of  this  band 
in  kidney  cortex  and  medulla 
was  eliminated  in  the 
presence  of  the  Rab  18 
immunizing  peptide  (Figure 
4.12,  lanes  3  and  4), 
suggesting  specificity  of  the 
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Figure  4.12.  Immunoblotting  with  antibody  to 
Rab  18.  Homogenized  kidney  cortex  (C)  or 
medulla  (M)  tissue  immunoblotted  with  anti- 
Rab  18  (lanes  1  and  2)  or  with  anti-Rab  18  in 
the  presence  of  the  immunogenic  peptide 
(lanes  3  and  4). 
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Figure  4.13.  Representative  immunoblot  of  mouse  tissues  with  antibody  to 
Rab  18.  Mouse  tissues  were  homogenized  and  processed  for  immunoblotting 
as  described  in  Figure  4.2  and  in  Materials  and  Methods  with  antibody  to  Rab 
18. 
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antibody.  Additional  nonspecific  bands  that  were  not  removed  by  competition 
were  also  present.  Immunoblots  of  mouse  tissues  (Figure  4.13)  demonstrated 
strong  immunoreactivity  of  the  specific  29  kD  band  in  brain,  stomach,  heart  and 
spleen.  Lower  levels  of  immunoreactivity  were  seen  in  kidney  cortex  and 
medulla,  small  intestine  and  pancreas.  Little  or  no  immunoreactivity  was  seen  in 
liver. 


Figure  4.14.  Rab  18  immunolabeling 
in  MDCK  cells. 


Immunolabeling  of  endogenous 
Rab  18  in  MDCK  cells  demonstrated 
perinuclear  staining  in  a  portion  of  cells 
(Figure  4.14).  These  results  are 
consistent  with  the  immunolabeling 
seen  in  principal  cells  of  the  collecting 
duct. 

Rab  18  immunostaining  of 
mouse  kidney  (Figure  4.15,  panels  1  and  3)  was  found  in  proximal  and  distal 
tubules  of  the  cortex  and  medulla  as  well  as  CD  by  immunofluorescence. 
Colocalization  with  the  V-ATPase  E  subunit  (Figure  4.15,  panels  2  and  5)  was 
used  to  identify  proximal  tubule  and  CD.  Merged  images  (Figure  4.15,  panels  3 
and  6)  demonstrated  that  Rab  18  colocalized  with  the  V-ATPase  E  subunit  in 
apical  borders  of  proximal  tubule  cells.  In  CD  cells  of  the  cortex  and  medulla, 
antibody  to  Rab  18  labeled  principal  cells  not  IC.  Cells  of  cortical  and  medullary 
distal  tubules  devoid  of  V-ATPase  E  subunit  staining  were  also  positive  for  Rab 
18. 
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Figure  4.15.  Representative  immunolocalization  of  Rab  18  and  the  E  subunit 
of  V-ATPase  in  mouse  kidney  tissue  sections.  (1)  Immunolabeling  in  cortex  of 
Rab  18.  Arrows  identify  collecting  duct,  small  arrow  points  to  distal  tubule  and 
arrowheads  indicate  proximal  tubule.  (2)  Immunolabeling  in  same  image  as  in 
1  with  anti-E  subunit.  Arrows,  small  arrows  and  arrowheads  point  to  same 
structures  as  in  1.  (3)  Merged  image  of  panels  1  and  2.  Arrows,  small  arrows 
and  arrowheads  are  as  in  1.  (4)  Immunolabeling  in  medulla  of  Rab  18.  Arrows 
point  to  collecting  duct,  small  arrow  indicates  distal  tubule.  (5)  Same  image  as 
in  4  immunolabeled  for  E  subunit.  Arrows  and  small  arrows  indicate  same 
structures  as  in  4.  (6)  Merged  image  of  panels  4  and  5.  Arrows  and  small 
arrow  indicate  same  structures  as  in  4  and  5.  Bar  is  100>m  and  is  indicative  of 
all  panels. 


Rab  20 

Immunoblot  analysis  of 
mouse  kidney  cortex  and  medulla 
with  Rab  20  antibody  (Figure 
4.16,  lanes  1  and  2)  showed 
strong  specific  immunoreactivity 
with  a  32  kD  polypeptide  that  was 
not   present  when   anti-Rab   20 
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Figure  4.16.  Immunoblotting  with  antibody  to 
Rab  20.  Homogenized  kidney  cortex  (C)  or 
medulla  (M)  tissue  immunoblotted  with  anti- 
Rab  20  (lanes  1  and  2)  or  with  anti-Rab  20 
in  the  presence  of  the  immunogenic  peptide 
(lanes  3  and  4). 
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was  co-incubated  with  its  immunizing  peptide  (Figure  4.16,  lanes  3  and  4).  In 
addition  to  the  band  at  32  kD,  immunoreactive  bands  were  seen  at  slightly  higher 
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Figure  4.17.  Representative  immunoblot  of  mouse  tissues  with  antibody  to 
Rab  20.  Mouse  tissues  were  homogenized  and  processed  for  immunoblotting 
as  described  in  Figure  4.2  and  in  Materials  and  Methods  with  antibody  to  Rab 
20. 


than  36kD  and  slightly  lower  than  29kD  in  kidney  cortex  and  kidney  medulla.  All 
the  immunoreactive  polypeptides  were  eliminated  in  immunoblots  probed  with 
antibody    preincubated    with    the    Rab    20    immunizing    peptide,    suggesting 

specificity.  Mouse  tissue  immunoblots 
(Figure  4.17)  demonstrated  strong 
immunolabeling  in  liver,  stomach, 
pancreas  and  spleen,  and  lower  level  of 
immunoreactivity  in  kidney  cortex  and 
medulla.  Minimal  levels  were  seen  in  brain 
and  heart  while  small  intestine  did  not 
appear  to  contain  Rab  20  at  detectable 
levels.  Immunolabeling  of  Rab  20  in 
MDCK  cells  demonstrated  diffuse 
cytoplasmic  labeling  including  perinuclear  localization  (Figure  4.18). 


Figure  4.18.  Rab  20 
immunostaining  in  MDCK  cells. 
MDCK  cells  were  immunolabeled 
for  Rab  20  and  mounted  with 
media  containing  DAPI  to  identify 
nuclei. 
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Figure  4.19.  Representative  immunolocalization  of  Rab  20  and  the  E  subunit 
of  V-ATPase  in  mouse  kidney  tissue  sections.  (1)  Immunolabeling  in  cortex  of 
Rab  20.  Arrows  identify  collecting  duct  and  arrowheads  indicate  distal  tubule. 
(2)  Immunolabeling  with  anti-E  subunit  in  same  image  as  in  1.  Arrows  and 
arrowheads  point  to  same  structures  as  in  1 .  (3)  Merged  image  of  panels  1 
and  2.  Arrows  and  arrowheads  are  as  in  1 .  (4)  Immunolabeling  in  medulla  of 
Rab  20.  Arrows  point  to  collecting  duct.  (5)  Same  image  as  in  4 
immunolabeled  for  E  subunit.  Arrows  indicate  same  structures  as  in  4.  (6) 
Merged  image  of  panels  4  and  5.  Arrows  indicate  same  structures  as  in  4  and 
5.  Bar  is  100u.m  and  is  indicative  of  all  panels. 


Dual  immunofluorescence  staining  of  mouse  kidney  (Figure  4.19)  with 
antibody  to  Rab  20  (panels  1  and  3)  and  to  V-ATPase  E  subunit  (panels  2  and  5) 
demonstrated  colocalization  of  Rab20  with  V-ATPase  E  subunit  in  apical  borders 
of  intercalated  cells  of  cortical  (panels  1-3)  and  medullary  (panels  4-6)  CD 
(merged  images,  panels  3  and  6).  Diffuse  cytoplasmic  staining  of  Rab20  in 
collecting  ducts  was  also  seen.  In  addition,  Rab  20  labeling  was  observed  in 
cortical  tubules  devoid  of  V-ATPase  labeling  (merged  images). 

In  a  preliminary  examination  of  gestational  rat  kidneys  (Figure  4.20), 
immunoreactivity  of  Rab  20  was  absent  at  embryonic  day  (E)  16,  but  present  in 
epithelial  structures  at  E17.  This  immunolabeling  for  Rab  20  preceded  by  a  day 
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the  immunolabeling  of  E  subunit.  By  E18  and  E19,  immunolabeling  of  Rab  20 
was  localized  at  or  near  plasma  membrane  and,  at  E20  and  E21,  was  also 
cytoplasmic.  E  subunit  labeling  was  slightly  more  intense  at  this  stage  and 
colocalization  with  Rab  20  could  be  seen. 


Figure  4.20.  Representative  images  of  Rab  20  and  V-ATPase  E  subunit 
labeling  in  gestational  mouse  kidney  sections.  Mouse  kidney  sections  from 
embryonic  (E)  mice  were  co-immunolabeled  with  anti-Rab  20  (green)  and  anti- 
E  subunit  (red).  Merged  images  demonstrate  colocalization. 
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Co-fractionation  of  Rab  GTPases  with  V-ATPase 

As  a  second,  independent  means  of  evaluating  a  colocalization  of  the  V- 
ATPase  E  subunit  with  Rab  GTPases  in  the  mouse  kidney,  a  differential 
centrifugation  of  homogenized  mouse  kidney  was  performed.  Subsequently,  the 
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Figure  4.21.  Differential  centrifugation  of  mouse  kidney  medulla  tissue. 
(s=supernatant;  p=pellet) 


different  fractions  were  analyzed  for  the  presence  of  V-ATPase  subunits  A,  B1, 
B2  and  E,  Rabs  11,  18  and  20,  and  CAII  and  Na,  K-ATPase  cn-subunit  (Figure 
4.21).  The  V-ATPase  A  subunit  distributed  in  all  fractions  examined,  although 
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some  enrichment  in  pelleted  membranes  was  observed.  Distribution  of  the  A 
subunit  to  the  15,000  x  g  (15K)  membranes  appeared  to  be  of  similar  level  to  that 
of  the  100,000  x  g  (100K)  membrane  fraction.  The  B1  and  B2  V-ATPase  subunit 
isoforms  were  also  seen  in  all  fractions,  but  segregated  differentially  to  the  15K 
and  100K  membranes.  Whereas  in  membranes  B1  subunit  was  predominantly 
located  in  the  100K  pelleted  fraction,  the  B2  subunit  was  localized  slightly  more 
in  the  15K  membrane  fraction.  The  V-ATPase  E-subunit  was  also  found  to  be 
present  in  all  fractions  collected,  however  enrichment  was  observed  preferentially 
in  the  15K  membrane  fraction  and  to  a  lesser  extent  in  the  100K  membranes. 

Since  15K  and  100K  membranes  would  be  expected  to  contain  plasma 
membrane  and  vesicle  membranes,  the  presence  or  absence  of  Rabs  in  these 
fractions  would  likely  indicate  those  that  may  be  involved  in  the  translocation  of 
V-ATPase.  Rab  11  was  found  to  be  more  abundant  in  the  15K  membrane 
fraction,  although  all  pelleted  fractions  including  the  100K  membrane  fraction 
demonstrated  significant  labeling  for  Rab  11  also.  Strikingly,  Rab  18  was  found  to 
predominate  in  supernatant  fractions  at  all  g-force  levels.  Some  Rab  18  was 
found  in  pelleted  membranes  at  8,000  x  g  (8K)  and  15K,  however  very  little  Rab 
18  was  pelleted  at  100K.  This  pattern  of  distribution  between  15K  and  100K 
membranes  is  similar  to  the  pattern  seen  for  the  B2  and  E  subunits  of  V-ATPase. 
As  with  Rab  18,  significant  levels  of  Rab  20  remained  in  supernatant  fractions, 
pelleting  minimally  with  the  15K  membranes  and  slightly  more  so  in  the  100K 
membranes.  The  distribution  of  Rab  20  to  the  100K  membranes  to  a  larger 
extent  than  to  the  15K  membranes  is  a  similar  pattern  to  the  distribution  of  the  V- 
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ATPase  B1  subunit  in  these  membrane  fractions.  As  expected,  CAII  was  largely 
found  in  the  supernatants  of  the  differential  centrifugation  steps.  Immunoblotting 
for  the  Na,  K-ATPase  ai-subunit  demonstrated  a  strong  immunoreactive 
polypeptide  in  the  100K  membranes  while  only  minimal  amounts  were  present  in 
the  lower  g-force  fractions.  These  results  indicate  similar  segregation  pattern  of 
Rab  11  and  18  with  the  V-ATPase  B2  and  E  subunits  in  plasma  membrane 
fractions,  while  Rab  20  appears  to  segregate  to  plasma  membrane  fractions 
containing  more  V-ATPase  B1  subunit. 


15K  fractions 
1        2        3 
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V-ATPase  B1  subunit 
V-ATPase  B2  subunit 
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Rab  18 

Rab  20 


Figure  4.22.  Immunoblots  of  Percoll  gradent  fractions  from  15K  membranes. 
Fractions  are  of  increasing  density. 


To  examine  the  varying  patterns  of  the  Rab  GTPases  observed  in  the  15K 
and  100K  pelleted  differential  centrifugation  fractions  enriched  in  V-ATPase, 
Percoll  gradients  were  run  on  these  fractions.  In  Percoll  gradients  of  15K 
membranes  (Figure  4.22),  the  V-ATPase  B  subunit  isoforms  were  present  in 
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nearly  all  fractions.  The  B1  isoform  was  highest  in  fractions  2,  7  and  8, 
corresponding  to  densities  of  1.018  g/ml  (#2)  and  1.033  g/ml  (#7)  as  determined 
by  density  marker  beads  run  in  parallel  to  the  experimental  samples.  The  B2 
isoform  was  highest  in  fractions  8  and  9,  corresponding  to  densities  of  1.049- 
1.121  g/ml  (#9),  with  lower  levels  seen  in  fractions  7  and  2.  The  V-ATPase  E 
subunit  was  only  found  in  fractions  8  and  9.  Similarly,  Rab  1 1  was  highest  in 
fraction  8,  although  significant  levels  of  Rab  1 1  were  found  in  fractions  9,  7  and 
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Figure  4.23.  Immunoblots  of  Percoll  fractions  from  100K  membranes. 
Fractions  are  of  increasing  density. 

2.  Membrane-bound  Rab  18  and  Rab  20  were  segregated  to  fractions  4  and  8. 

As  with  the  15K  membranes,  B1  subunit  isoform  in  Percoll  gradient 
fractions  from  100K  membranes  (Figure  4.23)  was  preferentially  found  in 
fractions  1,  2  (1.018  g/ml)  and  4,  although  all  fractions  contained  some  B1 
isoform.  The  B2  isoform  was  also  in  most  Percoll  fractions,  but  was  abundant  in 
fraction  9  (1.049-1.121  g/ml).  The  V-ATPase  E  subunit  was  detected  mostly  in 
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fractions  2  (1.018  g/ml)  and  9  (1.049-1.121  g/ml)  of  Percoll  gradients  of  100K 
membranes.  Rab  1 1  demonstrated  a  similar  pattern  as  the  E  subunit,  although 
most  of  this  protein  was  present  in  fraction  2  (1.018  g/ml).  Rab  18  was 
undetectable  in  Percoll  gradient  fractions  of  100K  membranes.  Minimal  levels  of 
Rab  20  were  detected  in  lower  density  fractions  3  and  4  and  in  higher  density 
fractions  7,  8  and  9,  The  gradient  results  indicate  significant  co-migration  of  these 
Rab  GTPases  with  the  V-ATPase  subunits. 


CHAPTER  5 
CONCLUSIONS 

Angiotensin  II  Effects  on  Apoptosis 

The  results  of  the  developmental  studies  and  angiotensin  did  not  provide 
any  support  for  the  hypothesis  that  the  RAS  is  involved  in  the  regulation  of 
apoptosis  during  the  differentiation  of  the  loop  of  Henle  and  the  collecting  duct 
(CD).  The  in  vivo  study  demonstrated  no  effects  on  apoptosis  in  the  loop  of 
Henle  or  in  the  CD  following  administration  of  Losartan  or  PD123319,  inhibitors 
of  the  type  1  (AT1R)  and  type  2  (AT2R)  angiotensin  II  (Ang)  receptors, 
respectively.  Further,  no  demonstrable  changes  were  seen  in  cell  proliferation  in 
these  animals.  Interestingly,  pups  from  one  out  of  the  four  litters  studied  were 
much  smaller  than  those  from  the  other  litters  and  had  smaller  kidneys  with  less 
developed  papillae.  In  pups  from  that  litter,  treatment  with  Losartan  was 
unexpectedly  associated  with  a  decrease  in  the  apoptotic  index  and  little 
evidence  of  epithelial  transformation,  suggesting  that  Losartan  might  delay  the 
onset  of  the  apoptotic  process.  To  test  this  hypothesis  would  require  prenatal 
exposure  to  Losartan.  There  was  no  effect  of  Losartan  on  pups  from  any  of  the 
other  litters. 

The  lack  of  a  direct  effect  of  Ang  receptor  inhibitors  on  apoptosis  and  renal 
tubule  differentiation  is  also  supported  by  recent  observations  in  Ang  receptor 
knockout  mice.  Double  nullizygotes  of  the  ATia  and  ATib  angiotensin  II  receptors 
were  shown  to  have  a  similar  phenotype  to  that  of  animals  that  are  homozygous 
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for  the  angiotensinogen  null  mutation.  In  both  of  these  models  a  decreased 
papillary  size  as  well  as  delayed  glomerular  development  and  hyperplasia  of  the 
vasculature  were  described  [33,  98],  however,  these  changes  were  not  observed 
until  3  weeks  of  age.  An  AT2R  null  animal  model  was  not  found  to  have  any 
differences  in  the  numbers  of  apoptotic  cells  in  the  embryonic  kidneys.  Further, 
developmental  maturity  was  assessed  as  the  same  between  the  AT2R  knockout 
and  wild  type  animals  [99].  Only  under  abnormal  conditions  was  any  difference 
found  in  the  developing  renal  medulla  [100]  in  these  AT2R  null  mutant  mice. 
These  findings  indicate  that  the  developmental  regulation  of  apoptosis  in  the  loop 
of  Henle  and  CD  do  not  involve  the  AT2R  as  was  hypothesized. 

AT2R  have  been  identified  in  the  mesenchymal  cells  in  developing  kidney 
and  ureter  and  in  interstitial  cells  of  the  renal  medulla  [101,  31].  In  the  AT2R  null 
mutant  mice,  physical  restriction  of  the  ureter  has  been  attributed  to  a  decreased 
apoptosis  in  the  ureter  [102].  It  is  conceivable  that  changes  in  the  cellular 
makeup  of  this  tissue  may  alter  the  process  of  excretion  of  urine.  Malformations 
of  the  renal  papilla  may  be  a  secondary  effect  of  the  abnormal  excretory  system. 

The  in  vitro  studies  further  corroborate  the  suggestion  that  the  effect  of 
Ang  on  apoptosis  in  renal  epithelium  is  indirect.  In  response  to  a  range  of 
concentrations  of  Ang,  no  demonstrable  changes  in  cell  proliferation  or  cell  death 
were  found.  With  the  blockade  of  either  the  ATiR  or  the  AT2R,  no  differences 
could  be  seen  in  these  processes.  The  in  vitro  data  would  suggest  that  the 
effects  of  Ang  on  the  renal  papilla  may  be  indirect. 
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Thus,  the  combined  data  from  the  in  vivo  and  in  vitro  studies  indicate  that 
in  the  renal  epithelium  of  the  ascending  limb  of  the  loop  of  Henle  and  in  IC, 
apoptosis  is  not  directly  mediated  by  the  actions  of  Ang.  It  is  conceivable  that 
other  factors  or  changes  that  are  occurring  in  the  renal  papilla  during  the  first 
postnatal  week  are  responsible  for  the  apoptotic  wave  evident  in  the  developing 
rat  renal  papilla.  Such  factors  may  include  glucocorticoid  signaling  or  changes  in 
osmotic  gradients.  Additionally,  the  vasculature  of  the  rat  renal  papilla  undergoes 
changes  during  this  time  [103],  which  may  serve  to  alter  the  availability  or 
concentrations  of  growth  factors  or  other  molecules  in  the  renal  papilla.  Inhibition 
of  the  V-ATPase  has  been  shown  to  induce  apoptosis  in  several  cell  types  [36, 
37,  39,  40,  41,  42,  104].  Intercalated  cells  (IC)  of  the  kidney  CD  express  high 
levels  of  the  V-ATPase  at  either  the  apical  (a  cells)  or  the  basolateral  (B  cells) 
membrane  and,  thus,  inhibition  of  the  V-ATPase  may  contribute  to  the  apoptosis 
of  these  cells  seen  in  the  developing  CD.  Neonatal  animals  have  limited  ability  to 
regulate  acid-base  balance  and  IC  characteristics,  and  presumably  function, 
change  during  this  time.  The  level  and  activity  of  the  V-ATPase  are  dramatically 
increased  in  the  first  postnatal  weeks.  A  better  understanding  of  the  regulation  of 
the  V-ATPase  would  provide  a  framework  for  examining  the  role  of  the  V-ATPase 
in  the  wave  of  developmental  apoptosis  in  the  kidney. 

Rab  GTPases  in  Adult  Mouse  Kidney 

Examination  of  Rabs  5a,  11,  13,  18  and  20  in  mouse  kidney  indicates  cell- 
specific  localization  within  the  tubule  epithelium  and  colocalization  or  co- 
migration  with  the  V-ATPase.  Rab  1 1  colocalizes  with  the  V-ATPase  in  the  apical 
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regions  of  proximal  tubule  cells,  which  preferentially  express  the  B2  subunit  of  V- 
ATPase.  Similarly  the  majority  of  membrane-bound  Rab  1 1  segregated  with  the 
B2  subunit  although  some  Rab  11  was  distributed  with  the  B1  subunit.  Rab  18 
colocalized  with  the  V-ATPase  in  proximal  tubule  cells  as  well  and  segregated 
more  with  the  B2  subunit  than  the  B1  subunit  in  the  biochemical  analysis.  Rab  20 
behaved  in  contrast  to  Rabs  11  and  18,  colocalizing  with  the  V-ATPase  in  IC, 
which  was  consistent  with  its  preferred  segregation  with  the  B1  subunit  over  the 
B2  subunit  of  the  V-ATPase  in  the  biochemical  analysis.  Thus  this  Rab  GTPase 
may  play  a  role  in  V-ATPase  trafficking  in  IC.  Rabs  5a  and  13  did  not  colocalize 
specifically  with  the  V-ATPase  and  were  ruled  out  as  candidates  for  involvement 
in  V-ATPase  trafficking. 

Significant  diversity  in  tissue  expression  is  seen  with  Rab  11,  although 
high  levels  in  kidney,  brain  and  stomach  may  underlie  a  specialized  role  for  Rab 
1 1  in  these  tissues.  Presenilins,  proteins  that  are  altered  in  autosomal  dominant 
early-onset  Alzheimer's  disease,  have  been  recently  shown  to  interact  with  the  c- 
terminus  of  Rab  1 1  [105].  In  gastric  parietal  cells,  a  secretory  epithelia,  histamine 
administration  coincided  with  relocalization  of  the  H,  K-ATPase  along  with  Rab 
11  [83].  Previously,  Rab  11  was  localized  in  rabbit  kidney  primarily  in  apical 
regions  of  CD  cells  and  "thin  cortical  tubules"  while  no  significant  staining  was 
seen  in  glomeruli  or  proximal  tubule.  In  this  study,  staining  in  mouse  kidney 
tissues  demonstrated  significant  immunostaining  in  apical  regions  of  principal 
cells  of  the  CD  and  connecting  tubule.  Some  staining  was  noted  in  apical  borders 
of  proximal  tubule   cells,   which   was   recapitulated   in   neonatal   mice.   The 
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differences  seen  in  this  study  relative  to  that  of  the  rabbit  kidney  may  indicate 
differences  in  the  species  or  in  the  methodologies  used.  The  localization  of  Rab 
1 1  to  apical  regions  of  distal  convoluted  and  proximal  tubule  cells  is  interesting 
as  these  segments  contain  receptors  for  estrogen  [106]  or  are  responsive  to 
altered  estrogen  levels  [107].  Rab  1 1  mRNA  in  rat  uterus  has  been  shown  to  be 
induced  in  response  to  estrogen  administration  [86].  The  differential  expression 
of  Rab  1 1  in  proximal  tubule  and  not  in  the  IC  of  the  CD  is  also  noteworthy  as 
these  two  sites  exhibit  different  expression  patterns  for  the  two  isoforms  of  the  B- 
subunit  of  the  V-ATPase  [49],  which  has  been  suggested  to  indicate  the  potential 
for  differential  regulation  of  the  V-ATPase.  Biochemical  analyses  of  Rab  11 
indicate  two  populations  of  membrane-bound  Rab  1 1 .  Consistently,  the  Rab  1 1 
present  in  the  15K  membranes  segregated  with  the  V-ATPase  B2  subunit 
isoform  fractions  of  higher  density,  while  Rab  11  in  the  100K  membranes  was 
found  predominantly  at  lower  density  along  with  the  V-ATPase  B1  subunit 
isoform.  The  localization  of  Rab  11  in  proximal  tubule  cells,  which  contain 
abundant  plasma  membrane  V-ATPase  with  the  B2  subunit  isoform,  is  consistent 
with  the  majority  of  Rab  11  fractionating  with  the  B2  subunit  isoform  in  15K  and 
100K  membranes.  The  identification  of  membrane-bound  Rab  11  in  low  density 
fractions  along  with  the  V-ATPase  B1  subunit  isoform  may  indicate  a  different 
role  for  this  population  of  Rab  1 1  in  the  kidney. 

Immunolabeling  for  Rab  18  in  proximal  tubule  cells  is  similar  to  that  of  a 
previous  study  [89]  where  Rab  18  was  identified  in  vesicular  structures  below  the 
apical  brush  border  of  proximal  tubule  cells  by  fluorescence  and  immunoelectron 


67 

microscopy.  The  localization  of  Rab  18  to  principal  cells  of  the  CD  is  consistent 
with  the  finding  of  apical  staining  in  CD  as  reported  by  Lutcke  et  al.  [89],  however 
they  did  not  find  this  staining  in  medullary  regions.  The  differences  between  the 
two  studies  may  reflect  different  methodologies.  The  minimal  expression  of  Rab 
18  seen  in  kidney  cortex  and  medulla  relative  to  tissues  with  high  expression 
may  indicate  a  limited,  although  perhaps  specialized  role  for  Rab  18  in  the 
kidney.  Differential  centrifugation  of  mouse  kidney  demonstrated  that  the  majority 
of  Rab  18  is  not  membrane  bound  as  a  significant  portion  of  the  Rab  18 
remained  in  the  supernatant  fraction  of  the  100K  centrifugation.  The  localization 
of  Rab  18  throughout  the  cytosol  in  cortical  and  medullary  tubules  and  CD  is  in 
agreement  with  this  segregation  and  may  represent  an  inactive  pool  of  Rab  18. 
Although  most  of  the  Rab  18  was  found  in  supernatant  fractions,  some  did  pellet 
in  the  8K  and  15K  centrifugations.  The  presence  of  Rab  18  in  the  15K  pellet, 
where  the  B2  subunit  isoform  and  E  subunit  of  the  V-ATPase  were  most 
abundant,  comports  with  the  colocalization  of  Rab  18  with  the  V-ATPase  E 
subunit  in  apical  regions  of  the  proximal  tubule,  a  region  which  contains 
prominent  plasma  membrane  V-ATPase  B2  subunit  isoform.  Elucidation  of  the 
specific  function  of  Rab  18  awaits  further  study. 

The  expression  of  Rab  20  in  mouse  tissues  seen  in  this  study  largely 
recapitulates  the  distribution  of  Rab  20  mRNA  [89].  Strong  immunostaining  of 
Rab  20  in  mouse  kidney  was  identified  in  apical  regions  of  a  IC  where  it  was 
found  to  co-localize  with  the  V-ATPase.  Additional  diffuse  staining  above 
background  levels  seen  in  tubules  of  the  cortex  not  labeled  for  V-ATPase  is  more 
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restricted  than  that  described  by  Liitcke  et  al.  [89],  which  may  be  due  to 
differences  in  the  methods  that  were  used.  Ubiquitous  labeling  of  cytoplasm  in 
cortical  epithelia  was  seen  in  gestational  rat  kidneys  although  clear  membranous 
labeling  and  increasing  cytoplasmic  labeling  was  seen  after  E17.  This  localization 
pattern  is  similar  to  the  adult.  The  colocalization  of  Rab  20  with  V-ATPase  in  IC  is 
intriguing  and  suggests  that  Rab  20  may  be  involved  in  the  translocation  of  V- 
ATPase  in  response  to  physiological  stimulation.  The  localization  of  Rab  20  to 
the  cytosol  of  CD  cells  is  reflected  in  the  differential  centrifugation,  where  high 
levels  of  Rab  20  were  segregated  to  supernatant  fractions.  As  with  Rab  11,  the 
patterns  of  segregation  of  Rab  20  on  gradients  would  imply  differing  populations 
of  membrane-bound  Rab  20.  The  portion  of  Rab  20  pelleted  at  15K  was  found  in 
fractions  of  higher  density  coinciding  with  the  pattern  of  localization  of  the  V- 
ATPase  B2  subunit  isoform  and  E  subunit,  and  Rab  11.  Rab  20  from  the  100K 
membranes  was  preferentially  found  at  both  lower  and  higher  densities,  which 
coincided  with  the  presence  of  the  V-ATPase  B1  and  B2  subunit  isoforms, 
respectively.  Further  study  will  be  necessary  to  establish  the  role  of  Rab  20  in 
cells  of  the  CD  and  other  regions  of  the  nephron. 

The  ubiquitous  labeling  for  Rab  5a  in  proximal  and  distal  nephron  as  well 
as  in  CD  cells  in  mouse  kidney  sections  and  in  MDCK  cells  is  consistent  with  the 
important  role  of  Rab  5  in  endocytosis  [67,  68,  69].  Renal  tubules  support 
significant  lumen-to-intracellular  as  well  as  transcellular  processes  via  apical 
integral  membrane  proteins,  many  of  which  are  regulated  in  part  by  endocytic 
removal  from  the  plasma  membrane.  The  tissue  expression  seen  in  these 


69 

experiments  is  indicative  of  a  universal  role  for  Rab  5a  as  it  was  detected  in 
nearly  all  of  the  tissues  studied.  The  widespread  expression  pattern  of  this  Rab 
GTPase  would  suggest  that  Rab  5a  likely  does  not  play  a  specific  role  in  the 
translocation  of  the  V-ATPase  from  intracellular  sites  to  the  plasma  membrane 
during  physiological  regulation,  although  a  role  for  Rab  5a  in  the  removal  of  the 
V-ATPase  from  the  plasma  membrane  cannot  be  ruled  out. 

The  findings  of  this  study  also  eliminate  the  involvement  of  Rab  13  in  the 
trafficking  of  V-ATPase.  Rab  1 3  has  previously  been  demonstrated  at  low  levels 
in  mouse  intestine,  kidney,  liver,  and  endothelial  cells  at  junctional  complexes 
[88].  In  cell  culture,  Rab  13  co-localizes  with  zonula  occludens  1  (ZO-1),  a  tight 
junction  protein  [88].  In  this  study,  immunoblotting  demonstrated  low  levels  of 
Rab  13  in  various  tissues  including  kidney,  although  high  levels  were  observed  in 
brain.  Very  little  expression  of  Rab  13  was  identified  in  liver  and  small  intestine, 
which  may  be  a  result  of  the  limitation  of  this  technique  in  identifying  low  levels  of 
expression  in  these  tissues.  Rab  13  immunolabeling  was  identified  in  apical 
regions  of  thick  ascending  limb  cells  of  mouse  kidney.  The  function  of  Rab  13  is 
unknown,  however,  its  previous  localization  to  junctional  complexes  and 
colocalization  with  ZO-1  leads  to  the  speculation  that  Rab  13  may  be  involved  in 
regulating  paracellular  transport  in  these  tubules  by  regulating  the  junctional 
complex.  Paracellular  transport  of  magnesium  is  important  in  this  region  of  the 
nephron  [108].  An  understanding  of  the  role  of  Rab  13  in  the  kidney  awaits 
further  study. 
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This  examination  of  select  Rab  GTPases  demonstrates  a  tissue-  and  cell- 
specific  distribution  of  these  proteins  in  the  mouse  kidney.  Colocalization  of  Rab 
GTPases  with  the  V-ATPase  subunits  by  immunolocalization  as  well  as 
biochemical  methods  demonstrates  that  Rabs  11,18  and  20  are,  in  part,  present 
in  association  with  the  V-ATPase.  Rabs  5a  and  13  do  not  appear  to  specifically 
associate  with  the  V-ATPase  in  mouse  kidney.  These  results  identify  a  subset  of 
Rab  GTPases  that  are  potentially  important  in  the  regulated  trafficking  of  the  V- 
ATPase  and  warrant  further  study  under  physiological  conditions. 


CHAPTER  6 
FUTURE  DIRECTIONS 

Although  Ang  was  not  found  to  be  involved  in  the  regulation  of  the 
developmental  wave  of  apoptosis  in  the  renal  medulla,  several  other  possibilities 
of  exploration  remain.  One  intriguing  possibility  is  the  regulation  of  the  V-ATPase. 
The  adult  TAL  cells  exhibit  some  plasma  membrane  V-ATPase  labeling,  whereas 
the  thin  ascending  limb  does  not.  Additionally,  the  only  cells  that  are  lost  from  the 
developing  CD  are  those  that  have  extensive  plasma  membrane  V-ATPase. 
Since  the  wave  of  apoptosis  is  halted  at  the  border  of  inner  and  outer  medulla,  it 
is  reasonable  that  the  proximal  tubule  is  not  affected  by  the  signals  that  induce 
loss  of  cells  containing  plasma  membrane  V-ATPase.  The  absolute  consistency 
of  the  formation  of  the  border  between  the  inner  and  outer  medulla  would 
suggest  that  either  a  second  signal  or  the  establishment  of  extracellular 
conditions  by  this  time  in  neonatal  development  serve  to  stop  the  apoptotic  wave. 
Although  V-ATPase  is  expressed  in  neonatal  animals,  its  activity  is  known  to 
increase  during  the  first  postnatal  weeks.  The  potential  role  of  Rab  GTPases  in 
the  trafficking  of  the  V-ATPase  as  a  means  of  regulating  acid-base  transport  and 
any    collateral    effects    demonstrated    during    renal    development    warrants 


examination. 


In  order  to  further  examine  the  role  of  Rab  GTPases  in  the  regulation  of  V- 
ATPase,  several  experiments  would  be  instructive.  As  the  only  known  model  of  in 
vivo  movement  of  the  V-ATPase  is  acid-loading  of  animals,  examination  of  the 
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relocalization  of  candidate  Rab  GTPases  under  such  physiological  alteration  is 
necessary  as  an  initial  evaluation  of  the  functional  interaction.  The  identification 
of  protein  components  present  in  V-ATPase-positive  vesicles  would  be 
informative  as  to  the  mechanism  of  its  transport.  The  use  of  in  vitro  Rab  GTPase 
overexpression  models  to  examine  V-ATPase  translocation  is  also  intriguing. 
Finally,  to  address  the  role  of  V-ATPase  in  developmental  apoptosis,  the  findings 
regarding  the  regulation  of  V-ATPase  in  the  adult  should  be  evaluated  in  the 
gestational  and  neonatal  kidney. 

Administration  of  NH4CI  in  animal  models  of  acidosis  using  rats  and 
rabbits  has  been  shown  to  induce  a  relocalization  of  V-ATPase  independently  of 
protein  or  mRNA  synthesis.  If  the  candidate  Rab  GTPases  are  involved  in  the 
relocalization  of  the  V-ATPase,  the  expectation  would  be  that  the  candidate  Rabs 
would  be  similarly  relocated.  This  relocalization  of  Rab  GTPases  could  be 
examined  both  by  immunolabeling  of  kidney  sections  from  acid-loaded  and 
control  animals  as  well  as  by  segregation  assays  (differential  centrifugation, 
Percoll  gradients)  as  used  in  this  dissertation.  Such  findings  would  provide 
evidence  of  in  vivo  relevance. 

This  dissertation  was  able  to  establish  a  different  segregation  pattern  of  V- 
ATPase  fractions  exhibiting  more  of  one  or  the  other  of  the  B  subunits,  which 
have  differential  expression  in  renal  cells  containing  abundant  plasma  membrane 
V-ATPase.  An  identification  of  component  proteins  in  these  differing  populations 
of  membrane  fractions  may  provide  insight  into  the  differential  regulation  of  the 
two  configurations  of  V-ATPase.  An  extraction  of  the  differing  populations  of  V- 
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ATPase  fractions  might  be  obtained  through  immunoprecipitation  of  the  V- 
ATPase  via  antibodies  that  specifically  recognize  each  of  the  two  B  subunits,  the 
B1  and  B2  at  56kD  and  58kD,  respectively.  Using  both  SDS-PAGE  and 
immunoblotting  for  specific  known  components  of  the  SNARE  complex,  the 
identity  of  potential  regulatory  interactions  between  vesicles  and  plasma 
membrane  regions  may  be  ascertained.  Additionally,  the  presence  of  unknown 
immunoreactive  polypeptides  might  indicate  potential  binding  partners  to  the 
candidate  Rab  GTPases.  Identification  of  these  immunoreactive  polypeptides 
through  sequencing  may  lead  to  the  discovery  of  effector  molecules  for  Rabs  18 
and  20,  currently  unknown.  An  interaction  between  any  of  these  proteins  and  the 
candidate  Rab  GTPases  could  be  further  examined  by  co-immunoprecipitation 
from  the  V-ATPase-enriched  fractions  or  by  yeast  two-hybrid  assays. 

Only  one  experimental  model  of  in  vitro  movement  of  the  V-ATPase  has 
been  described  in  cultured  rat  inner  medullary  collecting  duct  cells  [109,  110]. 
Using  this  model,  several  components  of  potential  SNARE  complexes  have  been 
identified  [111,  112].  This  model  could  be  explored  in  renal  epithelial  cells  such 
as  MDCK  to  investigate  the  presence  of  Rab  GTPases  and  their  effectors  by 
immunolocalization  studies  as  described  in  this  dissertation  as  well  as  by 
immunoblotting.  As  an  alternative  means  of  exploring  V-ATPase  movement, 
identification  of  translocation  of  V-ATPase  as  a  consequence  of  overexpression 
of  dominant  positive  (GTPase-deficient)  or  dominant  negative  (GTP-binding 
deficient)  would  be  informative.  Several  Rab  GTPases,  including  Rab  5  and  Rab 
1 1 ,  have  been  examined  using  these  constructs  modeled  after  Ras  mutants  [77, 
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76,  68].  Finding  a  correlation  between  loss-of-function  or  gain-of-function  Rab 
GTPase  mutants  and  alterations  in  localization  of  V-ATPase  may  indicate  a 
functional  interaction  between  these  Rab  GTPases  and  the  V-ATPase.  Further, 
examination  of  cells  expressing  these  constructs  under  conditions  that  induce 
apoptosis  may  provide  insight  into  the  role  of  regulation  of  V-ATPase  trafficking, 
as  opposed  to  enzyme  inhibition,  in  the  apoptotic  process. 

Finally,  in  order  to  examine  the  role  of  these  Rab  GTPases  in  the 
regulation  of  the  developmental  apoptotic  wave  in  the  kidney,  the  expression  and 
localization  of  these  Rab  GTPases  as  well  as  any  supporting  proteins  need  to  be 
localized  in  gestational  and  neonatal  kidney  tissue.  The  expression  patterns  may 
provide  clues  as  to  the  role  of  V-ATPase  regulation  in  the  apoptotic  wave  seen  in 
the  neonatal  kidney. 

Establishing  the  proteins  present  in  V-ATPase-positive  vesicles  and, 
further,  specifically  examining  the  role  of  Rab  GTPases  in  the  regulated 
trafficking  of  the  V-ATPase  will  give  insight  into  mechanisms  of  control  of  both 
cellular  and  systemic  acid-base  regulation.  Ultimately,  understanding  the 
mechanisms  surrounding  the  regulation  of  V-ATPase  activity  and  its  role  in 
apoptosis  may  provide  a  basis  for  developing  pharmacological  intervention  in 
physiological  alterations  of  acid-base  regulation  as  well  as  further  the 
understanding  of  the  developmental  processes  in  the  kidney. 
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